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The  areas  discussed  are:  Measurement  of  the  speed  < 

of  light,  superradiance,  laser  saturation  spectro- 
scopy, optically  pumped  far  infrared  lasers  and 
non-linear  characteristics  of  tunneling  diodes. 
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stracts. The  whole  theses  are  available  from  MIT 
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Determination  of  the  speed  of  light  by  absolute 
wavelength  measurement  of  the  J?(14)  line  of  the 
C02  9.4-/an  band  and  the  known  frequency  of  this  line 
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A precision  long-arm  scanning  Michelson  interferometer  system  is  described  that  is  capable  of  measuring  absolute 
laser  wavelength  to  within  several  parts  in  109  in  the  10-*im  spectral  range  and  to  within  several  parts  in  10‘ 1 in  the 
visible  range.  The  H{  14)  line  of  the  C02  9.4-gn>  band  is  measured  to  be  9.305  385  613  (70)  gm.  This  measured 
value  and  the  known  frequency  of  this  line  give  a value  for  the  speed  of  light:  c = 299  792  457.6  (2.2)  m/sec,  in 
agreement  with  the  recent  independent  measurements  of  c and  its  recommended  value. 


Since  the  late  1960’s,  in  a continuing  experimental 
program  at  MIT,  a precision  scanning  long-arm  vacuum 
Michelson  interferometer  has  been  developed  and 
perfected  for  an  accurate  comparison  of  two  widely 
different  laser  wavelengths,  one  of  them  lying  in  the  far 
infrared  or  the  infrared  and  the  other  in  the  visible  re- 
gion. In  the  experiment,  the  visible  laser  is  a fre- 
quency-stabilized He-Ne  633-nm  laser  having  an  ac- 
curately calibrated  wavelength  with  respect  to  a Kr 
standard.  The  measurements  are  performed  bv  si- 
multaneous. fringe  counting  and  relative  fringe-phase 
comparison  at  the  two  wavelengths,  while  the  scanning 
arm  of  the  interferometer  is  varied  over  a path  length 
of  about  50  cm.  The  precise  absolute  wavelength  of  the 
far-infrared  or  the  infrared  laser  is  obtained  from  this 
simultaneous  fringe  counting  and  the  calibrated 
wavelength  of  the  He-Ne  laser.  On-line  data  processing 
has  made  possible  measurements  of  relative  phases  to 
within  a small  fraction  of  the  He-Ne  red  fringe.  The 
limiting  accuracy  of  these  measurements  i9  set  by  the 
ability  to  make  correction  for  the  systematic  fringe  shift 
caused  by  diffraction.  These  shifts  were  minimized  by 
using  large-aperture  optical  components.  Other  major 
practical  limitations  to  the  accuracy  arise  from  the 
laser-beam  quality,  the  quality  of  optical  surfaces,  and 
(he  ability  to  align  the  two  laser  beams  collinearly. 

Over  the  past  several  years,  the  design  of  the  inter- 
ferometer and  the  measuring  procedures  have  been 
refined  to  obtain  higher  accuracy.12  Our  accuracy  limit 
at  this  time  is  several  parts  in  109  in  the  10-nm  region 
of  the  spectrum.  In  the  visible  region  (where  the  dif- 
fraction fringe  shift  is  appreciably  less),  the  interfer- 
ometer can  be  adapted  and  applied  to  the  absolute 
laser -wavelength  measurements  to  within  a few  parts 
in  10".  Because  of  its  low-^  and  broadband  operating 
capability,  it  can  be  used  as  a broadband  spectrometer 
for  precise  spectroscopic  studies  through  accurate  laser 
wavelength  measurements  over  the  entire  wavelength 


region  permitted  by  its  transmitting  optics  (the  beam- 
splitter, the  windows,  and  the  compensator).  An  ap- 
plication of  this  has  recently  been  reported3  in  a spec- 
troscopic study  of  the  CO2  Ol'l-dHO.OS'O)/  band, 
which  oscillates  in  the  11.2-jim  region. 

The  first  use  of  this  interferometer  in  a precision 
determination  of  c by  simultaneous  measurements  of 
the  absolute  laser  wavelength  and  frequency  was  re- 
ported1 in  1969.  In  that  experiment  the  interferometer 
was  used  to  measure  the  absolute  wavelength  of  a D20 
84-^m  laser  radiation:  this,  together  with  the  precise 
measured  frequency4  of  that  laser  line,  gave  a value  for 
the  speed  of  light  to  within  an  accuracy  of  2 parts  in  106, 
comparable  at  that  time  with  the  best  previous  mea- 
surements. This  Letter  reports  the  application  of  the 
interferometer  with  the  improved  precision  to  an  in- 
dependent determination  of  c to  within  an  accuracy  of 
7 parts  in  109;  the  measurement  is  done  by  precise 
wavelength  determination  of  the  center  of  the  Dop- 
pler-free resonance  of  the  ft(14)  line  of  the  C02  9.4- 
ura  (00°1)-(10°0,  02°0)n  band.5  The  known  absolute 
frequency  of  this  line6  and  the  measured  wavelength 
give  a precise  value  of  c.  Our  measured  value  agrees 
with  the  recent  measurements  of  c with  a comparable 
accuracy.7 

Figure  1 is  a block  diagram  of  the  experiment.  An 
important  feature  of  the  interferometer  is  the  use  of  a 
flat  mirror  on  one  arm  and  a corner  reflector  on  the 
variable  arm:  with  this  configuration  the  two  beams 
having  different  wavelengths  can  be  made  accurately 
parallel,  since  flat  interference  patterns  are  obtained 
only  when  the  beams  corresponding  to  each  wavelength 
are  perpendicular  to  the  flat  mirror. 

The  wavelength  measurements  reported  here  were 
performed  using  a frequency-stabilized  C02  laser  os- 
cillating at  the  center  of  the  narrow  Doppler-free  reso- 
nance belonging  to  the  /?( 14)  line.  This  Doppler-free 
resonance  is  obtained  by  a well-known  method8  in  which 
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Fig.  1 Simplified  block  diagram  of  the  experimental  9etup: 
HS  = beam  splitter,  COMP  = compensator,  GE  = gemanium 
slab  (reflects  the  red  and  transmits  the  infrared),  BEX  = 
beam  expander,  FIS  = feedback-isolation  optics  (polarizer, 
quarter-wave  plate,  attenuator).  All  the  optics  have  a large 
size  with  a useful  aperture  of  50  mm.  The  corner  reflector 
carriage  rides  on  two  carefully  polished  stainless  steel  rods, 
and  its  surface  in  contact  with  the  rods  is  coated  with  Teflon. 
The  translation  is  obtained  by  the  motion  of  an  ac-synchro- 
nous  motor  with  this  motion  transferred  to  the  carriage  by  the 
use  of  gears,  pulleys,  and  a strong  steel  cable.  A heavy  fly- 
wheel (inside  the  vacuum-interferometer  assembly)  attached 
to  the  main  pulley  gives  a highly  uniform  and  jitter-free 
translation  over  a length  of  about  50  cm. 


the  laser-induced  fluorescence  at  the  (001)  — (000) 
4.3-Mni  CO;  emission  hand  is  used  in  the  detection 
system.  Resonance  full  widths  of  1 part  in  10*  were 
typical  in  this  experiment.9  The  laser  frequency  was 
stabilized  at  the  line  center  to  within  one  tenth  of  the 
resonance  width. 

In  order  to  avoid  fringe  modulation,  the  CO;  laser 
used  in  the  measurement  was  stabilized  to  its  zero  beat 
with  respect  to  a frequency-modulated  laser,  which  was 
first-derivative  locked  to  the  center  of  the  R(  14)  Dop- 
pler-free resonance. 

The  He-Ne  laser  used  was  likewise  stabilized  to  the 
center  frequency  of  a second  laser  locked  to  the  inverted 
Lamb  dip  obtained  with  a low-pressure  intracavity  io- 
dine cell.  Two  He-Ne  lasers  similarly  and  indepen- 
dently locked  to  the  center  frequency  of  the  iodine  in- 
verted l.amb  dip  were  used  to  determine  the  He-Ne 
laser  frequency  resetability.  From  the  beat  note  ob- 
tained by  mixing  the  output  of  the  two  lasers,  their 
frequency  resetability  was  estimated10  to  be  ±5  parts 
in  10"’. 

The  largest  systematic  error  requiring  correction 
arises  from  the  fringe  shift  due  to  diffraction  of  the 
spatially  limited  beam  propagating  in  the  interferom- 
eter (without  an  aperture  in  its  beam  path).  Since  this 
error  scales  as  X 2,  the  dominant  diffraction  correction 
is  introduced  by  the  CO;  infrared  beam. 

It  is  known  that,  for  the  lowest-order  propagation 
mode  consisting  of  a TEMoo  Gaussian  beam,  this  cor- 
rection is  given  by  (X  — X,.,p)/X  = — X2/(4 jt2!^,2).  where 
X„,,  is  the  experimental  value  given  by  the  ratio  of  the 
fringe  counts  and  w„  is  the  beam  radius  at  ]/<■  of  its 
E -field  distribution. 11 12 

With  the  laser  optimally  aligned  for  operation  on  its 


lowest-order  mode,  the  beam  profile  was  carefully 
measured  at  the  input  of  the  interferometer.  It  was 
found  that  this  beam  profile  reproducibly  and  domi- 
nantly consisted  of  the  TEMoo  mode  with  a small  ad- 
mixture of  the  high-order  modes  in  such  a way  as  to 
cause  a slightly  astigmatic  beam  with,  in  fact,  perfect 
collimation  along  its  two  principal  axes.  (This  profile 
was  characteristic  of  the  C02  laser  used  in  the  experi- 
ment; it  utilized  one  Brewster-angle  polarizing  plate  in 
its  cavity.)  It  can  be  shown  that,  for  this  astigmatic 
beam,  the  diffraction  correction  has  the  same  form  as 
the  TEMoo  mode  given  above  after  substituting  for 
l/w02,  the  quantity  %(1  /wQx  2 + l/w0y2),  where  w0u,  and 
Woy  are  the  beam  radii  along  the  two  principal  direc- 
tions.13 

Since  the  corner  reflector  is  used  at  its  center,  the 
small  empty  spaces  existing  between  its  adjacent  mir- 
rors cause  diffraction  resulting  in  an  additional  small 
correction.  This  correction  can  be  estimated  by  the 
scalar  diffraction  theory.13  Correcting  for  this  and  the 
diffraction  effect,  one  obtains 

ji  ~ / I I \ / j 9a o \ 

X 8ir2  \ic0jr2  uto^/V  2v/irUT0/ 

wherein  the  last  factor,  a o,  is  the  width  of  the  empty 
space  at  the  junction  of  the  corner  reflector’s  mirrors, 
which  is  much  smaller  than  the  quantity  u>0  given  by 
(tcou,  + uiQy)/2.  Inspection  shows  that  other  diffraction 
fringe  shifts  are  much  smaller,  and  their  contributions 
lie  below  our  experimental  error. 

The  measurements  of  the  beam  widths  were  per- 
formed with  a detector,  a pinhole,  and  a two-dimen- 
sional beam-steering  mechanism  displaying  the  CO; 
beam  profile  at  the  input  of  the  interferometer.  The 
spacing  ao  was  estimated  from  a large-scale  photograph 
of  the  corner  reflector. 

From  the  above  studies,  the  final  diffraction  correc- 
tion is  found  to  be  [(X  - Xexp)/X]  = —1.89  X 10-8,  cor- 
responding to  (X  — Xexp)  = -1.76  X 10-7  gm.  The  un- 
certainty of  this  result  is  conservatively  estimated  to  be 
±20%  according  to  the  following:  8%  comes  from  u>0x 
and  w0y  measurements  (which  were  performed  with 
±4%  precision);  another  8%  originates  from  a0  deter- 
mination (which  was  measured  with  ±25%  uncertainty 
for  ur0  » 10  mm  and  ao  *=  0.6  mm). 

The  experimental  results  are  plotted  in  Fig.  2.  For 
each  point  of  the  plot,  the  red  and  infrared  fringes  have 
been  maximized  before  scanning.  For  each  group  of  six 
data  points  (separated  by  vertical  lines  on  the  plot),  the 
red  and  infrared  beams  have  been  carefully  recentered 
on  the  corner  reflector  for  any  position  along  the  scan 
hy  realigning  the  entire  interferometer.  This  centering 
on  the  corner  reflector  (for  any  position  along  the  scan) 
was  used  to  obtain  the  required  parallelism  of  the  red 
and  the  infrared  beams  with  respect  to  the  axis  of  the 
reflector  translation.  In  the  absence  of  this  parallelism, 
as  the  interferometer  arm  is  varied,  the  wavefront  of  the 
beam  reflected  by  the  corner  reflector  moves  across  the 
fixed  wavefront  of  the  beam  reflected  by  the  flat  mirror; 
this  introduces  an  error  if  these  wavefronts  are  not 
perfectly  flat.  The  experimental  scatter  seen  in  Fig.  2 
is  in  part  caused  by  this  effect.  (The  slight  deviation 
from  a perfectly  flat  wavefront  is  caused  by  the  lack  of 
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Kin.  2 Plot  of  the  experimental  results  obtained  directly  from 
the  ratio  of  the  fringe  counts.  The  origin  of  the  vertical  axis 
is  chosen  at  the  final  result  (Amkasirkii),  which  is  obtained 
by  subtracting  the  diffraction  correction  (1.76  X 10-7  am) 
from  the  average  of  the  experimental  data.  One  standard 
deviation  (a  = 0.43  10"7  am)  is  indicated  by  an  error  bar.  The 
lines  marked  NFL,  NBS,  and  REC  correspond,  respectively, 
to  values  of  the  wavelength  of  the  R(  14)  line  calculated  by 
using  the  values  of  the  speed  of  light  given  by  the  National 
Physical  Laboratory,  Teddington  (England),  the  National 
Bureau  of  Standard 4,  Boulder  (Colorado)  and  the  recom- 
mended value  of  c (see  Ref.  7). 


perfect  flatness  of  our  beam  splitter  and  the  compen- 
sator, which  were  made  of  sodium  chloride.)  The  pre- 
cision of  each  data  point  is  typically  1-2  parts  in  1()9,  as 
determined  by  a least-squares  fit  to  a straight  line  of  the 
•elative  fringe  phases  determined  at  38  equally  spaced 
intervals  during  a scan. 

In  the  measured  value  Ameasured.  we  use  the  rec- 
ommended14 value  for  the  i component  of  iodine  127: 

0.632  991  399  gm  (uncertainty  ±4  parts  in  10a).  The 
experimental  standard  deviation  is  4.3  X 10-8  pm.  By 
combining  quadratically  the  standard  deviation  and  the 
uncertainly  of  the  diffraction  correction,  one  finds  that 
the  uncertainty  of  the  ratio  Aco/Ap.-  Ne  is  ±6  parts  in 
1 ()!*.  The  uncertainty  of  A/pui  is  ±7.2  10-9,  and  the 
result  is  found  to  he:  A«<  |4)  = 9.305  385  613  (70)  pm. 

This  gives  a value  for  the  speed  of  light  c = 299  792 
457.6  (2.2)  m/s  (relative  uncertainty  ±7.3  parts  in  I09). 
This  is  in  excellent  agreement  with  the  recommended14 
value  of  c (299  729  458  m/sec)  based  on  the  previous 
independent  measurements  of  this  quantity.7 

The  ratio  found  for  Aft(m/A , also  compares  very 
well  with  (he  ratio  of  their  frequencies  calculated  from 
t he  frequency  of  the  II  ( 14)  line  and  the  frequency  of  the 
/ component  of  the  iodine  transition  deduced  from  the 
recent  wavelength  comparison1'’  of  an  iodine-stabilized 
He  Ne  633-nm  laser  with  the  wavelength  of  a meth- 
ane-stabilized 3. 39-pm  He  Ne  laser.  The  difference 
between  the  two  ratios  is  2.8  parts  in  109. 
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Abstract:  This  paper  opLores  the  assumptions  made  in  the 
sent i e 1 assical  description  of  stipe rradlance . Simple  expressions 
for  observable  output  parameters  in  several  experimentally 
relevant  regimes  are  given.  Implications  of  these  results  to 
some  possible  applications  of  superrad  iance  are  discussed. 


1.  INTRODUCTION 

In  view  of  t Ur.  renewed  exper  i mental  interest  in  super  rad  i ance, 1 11 
a detailed  list  of  specific  limiting  conditions'’  for  the  applica- 
bility of  the  simple  theoretical  mode [ r” 7 which  accurately 
described  the  results  of  the  initial  experiments0  seems  appropriate. 

In  tliis  paper  the  semi  c lass  i < a I model  and  its  exact  solution  in 
the  "ideal  superrad iance"  limit  will  he  briefly  reviewed.  The 
effect  o f relaxing  each  of  tire  assumptions  made  in  obtaining  this 
limit  will  be  described,  emphasizing  the  amount  by  which  the 
parameters  of  an  actual  system  can  depart  T rom  ideality  without 
significantly  altering  the  analytical  expressions  for  the  expect- 
ed output  radiation.  The  changes  in  these  expressions  which  occur 
when  some  of  the  constraints  are  further  relaxed  will  then  ho  dis- 
cussed. Finally,  I hr*  implications  of  these  results  to  some  poten- 
tial applications  of  superrad iance  will  be  mentioned. 

Work  supported  in  part  by  National  Science  Foundation  and  US 
Army  Research  (if  ( ire  (Durham). 
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These  cons i dernt ions  should  be  of  particular  Interest  to 
those  attempting  to  observe  superrad  Lance  in  other  systems,  and 
are  relevant  to  the  problems  of  x-ray  laser  system  design^  and 
ultrashort  pulse  generation. 

Superrad innee  is  the  spontaneous  radiative  decay  of  an 
assembly  of  atoms  or  molecules  in  the  collective  mode.  It  is 
the  optimal  process  for  extracting  coherent  energy  from  an 
inverted  system.  In  this  process  incoherent  emission  induces  a 
small  macroscopic  po lar i zat Ion  in  an  inverted  two-level  medium 
which  gives  rise  to  a growing  electric  fLeld  and  consequently  an 
increasing  polarization  in  space  and  time.  After  a long  delay, 
a highly  directional  pulse  is  emitted,  often  accompanied  by 
ringing.  The  peak  output  power  is  proportional  to  the  square  of 
the  number  of  radiators,  N. 

In  our  theoretical  model'  the  scmiclassical  approach 
(classical  fields,  quantized  molecules)  has  been  adopted  in  order 
to  take  propagation  effects  fully  into  account.  Semiclassical 
discussions  have  also  been  given  by  Burnham  and  Chino,*®  Friedberg 
and  Hartmann,11  Arcechi  and  Courtcns, 1 7 and  Bullough.13  In  fact, 
Dicko'1*  gave  a semiclassical  description  in  hfs  original  paper. 

For  a discussion  of  quantized  field  models,  see  Bonifacio  and 
I.ugtato1  ^ and  references  contained  therein. 

The  coupled  Maxwel l-Srhrodinger  equations  in  the  slowly- 
varying  envelope  approximation,  written  in  complex  form,  are7’16 


AE/Ax  = -i  E + 2rk  ) 

v,MP 

(la) 

/ | \ 

F 

3P/DT  = -Ip  - ikvl 

lp  * * E"  * V 

• 

(lb) 

an/ AT  = A - n/T.  - 

(l/-h)  Re  (EP*) 

• 

(lc) 

Here  P(x,T,v,M)  and  E(x,T)  am  the  complex,  slowly  varying 
envelopes  of  the  polarization  density  per  velocity  interval  dv 
in  degenerate  M^-statc  M and  of  the  electric  field,  respectively, 
at  position  x and  retarded  time  T = t-x/c;  n(x,T,v,M)  is  the 
Inversion  density;  r accounts  for  diffraction  or  other  loss;  T^ 

is  i hi'  population  decay  time;  "X  is  the  polarization  deray  time; 

A is  a source  term  deser i h i ug  the  rale  of  product  ion  of  o;  p^  Is 

the  dipole  moment  component  parallel  to  the  direction  of  polariza- 
tion; and  Y.y  ^ denotes  a velocity  Integral  and  a sum  over  degener- 
ate M-siates.  The  remaining  notation  Is  the  same  as  In  Ref.  7. 
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Spontaneous  emission  from  the  exicted  state  is  simulated  in 
this  model  by  a randomly  phased  polarization  source  term  A which 

P 

describes  the  rate  of  production  of  P.  (The  expression  for  A is 

P 

given  in  Ref.  7.)  The  superradiant  process  can  be  initiated  by 
either  spontaneous  emission  or  background  thermal  radiation.  How- 
ever, only  spontaneous  emission  will  be  considered  in  this  paper, 
since  blackbody  radiation  (described  in  detail  in  Ref.  7)  is 
relatively  unimportant  at  wavelengths  shorter  than  50  p , as  in  the 
experiments  of  current  interest. 

Three  basic  assumptions  arc  incorporated  in  Eqs.  (1),  the 
implications  of  which  will  be  discussed  below: 

1)  The  semi  classical  model  with  a polarization  source  term 
to  simulate  spontaneous  emission  is  used,  instead  of  a quantized 
field  model. 

7)  The  plane  wave  approximation  is  utilized.  Thus,  effects 
associated  with  finite  beam  diameter  are  neglected. 

3)  The  interaction  of  forward  and  backward  travelling  waves 
is  ignored. 

Computer  solutions  of  Eqs.  (1)  should  be  used  for  precise 
comparisons  with  experimental  data.  However,  approximate  analy- 
tical solutions  which  are  in  close  agreement  with  the  computer 
results  can  be  obtained  in  certain  limiting  cases.  These  results 
arc  useful  in  estimating  relevant  experimental  parameters  and  as 
an  aid  to  understanding  the  underlying  physical  processes. 


II.  TDEAI,  SUPERRADIANCE 

In  this  limit  an  exact  solution  of  the  resulting  equations 
can  he  obtained,  with  simple  expressions  for  experimentally 
observable  quantities  such  as  output  intensity,  pulse  width,  and 
delay  time.  These  can  be  useful  in  determining  the  feasibility 
of  a proposed  superradiant  scheme  and  in  optimizing  an  existing 
system. 

The  assumptions  made  to  obtain  the  "ideal  superradiance" 
limit,  in  addition  to  those  built  into  Eqs.  (1),  are:  (4) 

I/Tj  = l/Ty  = 1/T*  = 0,  where  T*  is  the  dephasing  time;  (5) 

P( i H)  ■ 0 (no  iniif  il  polarization  at  the  superradiant 
I rails  1 1 Ion);  (ft)  i 0;  (/)  no  level  geiieraey  (n  1.*;  .summed  over 
degenerate  M states  and  )i^  is  averaged  over  M states);  (8)  swept 

excitation  (system  inverted  by  a pulse  travelling  longitudinally 
through  the  medium  at  the  speed  of  light);  (9)  zero  inversion 
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lime-  (system  inverted  instantaneously);  and  (10)  no  feedback. 
Furthermore,  (11)  A is  sot  equal  to  zero  and  replaced  by  an 

equivalent  de 1 ta-func! ion  input  electric  field.  Each  of  these 
assumptions  is  discussed  below. 

Given  these  assumptions,  Fqs . (!)  become7 


2 Ilk  p 

(2a) 

nP/;rr  - 

|i^nF/-h 

•/. 

» 

(2b) 

iln/.Tr  = 

- (77-h 

* 

(2c) 

and  n,  C,  and  P are  al I real.  The  solution  of  these  equations 
is  n --  n()  cos  ■(* , P ]i  n()  sin  1 1<,  n()  n(t  - 0),  and 


di/>/ (IT  - ii  l /h 
/, 


(3) 


where 


T 

iii(x,T)  = J (u7/h)E(x,T' )dT' 


is  1 he  partial  area  of  the  pulse.  (The  total  area  9(x)  = iHx,">).) 
Applying  the  transformation  w = /2xT  to  F.qs.  (2a)  and  (3)  gives 
the  pendulum  equation,'7 


+ (l/w)**  = sin  \ji/  (T  I.) 

K 


(5) 


where  i/i  * iji(w)  and 


...  A T,  | 

R 2n  2 ii  2 (6) 

W' 

i 1 hi  i liai.it  I i * i i : : f i i • i id  I a I loll  dump  I up,  I I mo  nl  I bo  co  I loci  1 ve 
syril  rm. 
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i) 

) 

) 


Equations  (2b-c)  give  rise  to  the  familiar  Bloch  vector  picture. 
As  can  he  seen  from  the  v.  I'  dependence  of  Eq . (5),  this  system  is 
analogous  to  a spatial  array  of  coupled  pendula,  initially  tipped 
at  a uniform  small  angle  i|/(w  = 0)  = 0(x  = 0)  = °q»18  which  fall 
as  a phased  array. 

The  solution  of  Eq.  (1)  is  completely  determined  by  two  para- 
meters,10 Tr  and  the  initial  lipping  angle  9^.  For  a given  value 

of  0 , a single  curve  relates  T2 T to  T/T  (sec  Fig.  4 of  Ref.  7), 

U K p K 

and  approximate  expressions  in  terms  of  $ T In  (2tt/0^)  can  be 
derived  for  the  peak  output  power 


T ~ 4Nft(.i/T_*2  N2 
P R 


the  width  of  the  output  pulse 


Tw  = TR*  ■'  N ‘ , 


and  I he  energy  conlained  in  the  first  lobe  of  emitted  radiation 


K 4Nbm/')>  N 
P 


The  delay  time  from  the  inversion  to  1 is 

P 


2 _i 

]■  T *“/4  •'  N 

i)  ir 


so  that  T.  " T (|i/4.  Typically,  10  •'  i\>  < 20. 

I)  W 


III.  APPI.ICAIII  I.ITY  OF  IDEAL  SUPKRRAD1ANCE 


The  regions  of  validity  of  each  of  the  .assumptions  listed 
above  will  now  ho  d i sctisscd . 


A.  Simplifying  Assumptions  Which  Have  Little  Effect  on  Output 

We  first  consider  those  assumptions  which  can  be  completely 
removed  without  significantly  affect ing  the  ideal  solution. 
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a)  The*  semir  lassie.)  I approach  describes  the  system  for 

1 » T , since  at  T tiiere  is  one  photon  in  each  mode  of  the  radi- 
K K 

ation  field. / Although,  strictly  speaking,  the  semiclassical 
description  breaks  down  for  T < T , we  are  only  interested  in  the 

output  at  T , wlticii  is  typically  21-100  T . Fluctuations  in  the 
I)  K 

fields  during  the  first  T will  have  little  effect  on  the  output 

at  due  to  the  logarithmic  dependence  of  the  output  on  the 

initial  conditions  through  ij>.  Thus,  the  randomly  phased  polari- 
zation source,  constructed  to  be  consistent  with  the  requirements 

of  thermal  equilibrium,7  should  give  correct  results  for  T » T„ . 

; R 

b)  Computer  analysis  shows  that  the  effect  of  A on  the 

P 

evolution  of  I hi;  system  is  almost  identical  to  that  of  a delta- 
function  input  j field  of  appropriate  magnitude  to  give 

•b  ~ In  ^/2xN  (2nul.)  ^ 'J,  where  aL  is  the  small-signal  fie'ld  gain, 
so  that  f* I.  = Tc/T  , when1  I’  is  the  inverse  linewidth.  This  is 

i/-  K c. 

understandable  since  fluctuations  at  the  far  end  of  the  medium 
are  amplified,' over  the  greatest  length  and  therefore  dominate. 

/ 

c)  Computer  analysis  of  the.  interaction  between  forward 
and  backward  travel  I ing  waves  shows  that  this  effect  is  virtually 
negligible  In  all  swept  excitation  systems,  and  it  is  also 
negligible  in  uniformly  excited  systems  for  which  L/c  S T^. 

(This  latter  case  is  discussed  below.)  This  is  so  because  the 
forward  and  backward  waves  only  become  sizable  in  the  same 
region  after  much  of  the  stored  energy  has  been  radiated.''1 

2 

d)  Computer  calculations  show  that  replacing  uz  by  its 

average  value  over  M states  and  n by  ils  sum  over  M states  lias 
little  effect  on  Ihe  output  radiation.  Therefore,  the  influence 
of  level  degeneracy  is  insignificant. 

B.  Assumptions  Which  Can  Significantly  Affect  Output 

For  the  remaining  assumptions,  small  deviations  from  ideality 
.ire  of  little  importance  luit  large  deviations  can  cause  significant 
changes  in  the  output.  The  following  coni' 1 us  ions  have  been 
ve|  ii  i,‘(|  hv  colllpulel  sollll  Ions  el  Kqs.  (1). 

a)  The  lifetimes  need  not  he  infinite,  which  would  imply 
Infinite  gain: 

I)  The  net  gain  (gain  minus  loss)  must  be  largo  enough 
so  t ii.it  the  total  area  of  the  output  pulse  can  grow  to  n.  This 
leads  to  the  requirement  ’ 
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(«  - *.)(,  j <p  . (10a) 

In  the  opposite  limit  where  (oi-k)L  < 1,  collective  effects  can  still 
be  important  (since  « T ) but  only  a small  fraction  of  the 

energy  is  radiated  coherently  (since  « T ) ; this  regime,  which 

we  refer  to  as  "limited  super rad i ance",  ' includes  such  familiar 
effects  as  free  induction  decay  and  echos.  In  the  intermediate 
regime,  where  I • ( k)|.  < if,  the  peak  intensity  will,  be  signifi- 

cantly less  than  that  given  by  Kq . 7(a);  analytical  results  in 
this  regime  can  be  obtained  from  the  linear  theory  of  Crisp. 

it)  T must  he  greater  than  T |Kq.  7(d)],  otherwise  the 

popul.it  ion  will  decay  Incoherently  anil  reduce  the  amount"  of 
coherent  output.  This  leads  to  I he  condition  for  efficient  output 

ul.  z (■>?/4)T^/Tj  . (10b) 

There  is  no  similar  requirement  on  T ^ or  since  effects  due  to 

large  deplias ing  or  polar izatum  decay  rites  are  offset  by  high 
gain.  1 

l>)  As  long  as  the  inversion  time  x is  less  than  the  observed 
delay  time,  a non-zero  t will  have  little  effect  on  the  output 
other  than  to  increase  the  observed  delay  time  from  T to 
Tjj  + /7.  This  gives  the  requirement 

' •:  ZT„  . (10c) 

II  the  t.uperi  .id  iant  output  occurs  helore  t lie  inversion  process 
t ernil  n a I es , I lien  only  the  early  part  of  the  population  inversion 
can  eoiil  r i hut  e to  t h<-  first  hurst  of  radiation.'*  In  the  simple 
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t = a/ir  />?i,a 

w Sp 


Simple  forms  other  than  At  e.m  also  he  solved  analytically,  and 
graphical  solutions  are  also  possible.  1 

This  same  method  can  lx  used  to  provide  an  approximate 
solution  for  tlx1  ease  where  T T , in  violation  of  requirement 
(I Oh)  above. 

e)  Kzeessivc  loss  r i in  diminish  super  rad  i mice  in  two  ways. 
It  (in  recline  l lie  lie  I pain,  making  requirement  (Ida)  harder  to 
fulfill.  Siiperrad  i ant  behavior  also  requires  that 


f >'  dX  e 


(10d) 
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When  / i dx  V:  <j> / A the  pulse  stops  narrowing  and  the  intensity  no 
longer  grows  with  length,  lor  constant  k,  Ip  = Nhui/4TR(icL) 2 . 22 

I n the  case  of  diffract  ion  of  a Gaussian  beam, 

/ * dx  - 1/2  ln[l  L ( X I ./ A ) '"  | . This  quantity  is  always  small  when 
the  Fresnel  number  is  target  than  unity. 

d)  Uniform  excitation  (entire  system  inverted  simultaneously, 
in  contrast  to  swept  excltat  ion)  will  have  little  effect  on  the 
output  as  long  is  the  transit  I ime  T = I./c  is  less  than  the 

observed  delay  time,  other  Ilian  to  increase  the  observed  delay 

t line  to  T„  4-  T /?.  When  T is  longer  than  the  delay  time,  the 
I)  t r l r ' 7 

system  will  no  longer  radiate  as  a single  entity;  tills  places  a 

i end  It  ion  on  I lie  length  I.  ("cooperat  ion  length"): 

I.  I.  /-T  $?Tlnk*  . (lOe) 

<■  s|> 


Longer  systems  will  break  up  into  a number  of  independently 
tadial ing  segments  in  a manner  described  by  Arecclii  and  Courtens.*2 
In  this  limit,  l lie  output  intensity  I - nAfinie  and  no  longer 

iiu  leases  with  increasing  length.  Note  that  requirement.  (I(le) 
does  not  apply  to  swept  oxcital  ion. 

o)  The  presence  of  polarization  at  the  superradiant  transi- 
tion t 0 will  have  little  effect  provided  that 
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P(t  - O)  l'znOQ  . (lOf ) 

larger  values  of  P(t  - 0)  are  equivalent  to  increasing  the  initial 

tipping  angle  of  the  liloch  vector,  which  shortens  the  delay  time 

and  reduces  the  ringing.  This  increases  the  difficulty  of  com- 

plettng  the  inversion  process  before  coherent  emission  begins. 

in  principle,  a pulse  of  area  exactly  x could  completely  invert  an 

initially  absorbing  medium  without  residual  polarization.  An 

energy  conservation  argument  shows  that  such  a pulse  would  have  to 

he  shorter  than  T„  in  order  not  to  lose  area  as  it  traverses  the 
l\ 

medium;  for  longer  pulses,  the  effects  of  self-induced  transparency 
and  pulse  propagation  become  re  levant . * ® ^ ’ * 3>2't  ^s  a practical 

matter,  schemes  to  d'rectiy  invert  two-level  systems  are  probably 
not  feasible  due  to  pioblcms  associated  with  loss,  level  degeneracy, 
transverse  variations  in  the  electric  field  associated  with  beam 
profile,  and  the  difficulty  of  generating  a pulse  of  exactly  area  x. 

These  problems  can  be  circumvented  by  using  indirect  excitation 
methods  such  as  three  level  pumping8  and  two  photon  excitation  with 
a nonresonant  intermediate  state.  All  observations  of  superradiance 
up  to  now  have  employed  such  schemes.  However,  the  problem  remains 
that  when  the  pump  radiation  is  turned  off,  a large  residual 
polarizal ion  could  be  left  at  the  pump  transition.  This  can  result 
in  super  rad i nine  at  th  is  transition,  which  would  deplete  the 
population  available  lor  superradiance  at  the  desired  wavelength. 
This  problem  can  be  overcome  by  using  an  incoherent  pump  pulse,  or 
by  choosing  a much  shorter  wavelength  for  the  pump  transition 

(to  increase  its  T ). 

K 

One  should  also  note  that  in  indirect  excitation  schemes  the 
background  emission  which  initiates  superradiance  can  be  modified 
by  the  presence  of  the  pump  field  through  multiple  quantum  transi- 
tions. This  would  increase  the  effective  initial  tipping  angle, 
particularly  if  t is  long. 

I)  The  effect  of  feedback  on  the  output  is  negligible  as 
long  as  the  output  field  due  to  the  initializing  spontaneous 
emission  is  significantly  greater  than  the  additional  output 
which  results  I rom  tin  feedback  process.  Comparing  these  two 
quant  it  ies  g ives  a condition  on  the  feedback  fraction  F: 


/|/(e"-,V'' 


(log) 


(F  •'  If)  ' in  the  HF  experiments.  H’ ? In  long  systems,  where 
transit  t into  is  apprei  iable,  the  influence  of  feedback  decreases. 
Computet  calculations  in  this  regime  have  not  yet  been  made. 
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The  effect  of  significant  feedback  is  to  drastically  shorten 
the  delay  times  and  reduce  the  ringing;  the  effect  is  analogous 
to  continuing  to  push  a pendulum  after  it  has  started  to  fall. 

The  system  acts  as  if  it  were  subject  to  a different,  larger 
initial  cond it  ion. 

g)  The  plane  wave  approx i ma I t on  breaks  down  when  the  solid 
angle  factor  p of  Rchler  and  I'.ber  1 y (a  function  of  A,  L,  and  X) 
falls  in  the  small  Fresnel  number  regime  of  Fig.  5 of  Ref.  26; 
the  break  between  the  two  regimes  is  relatively  sharp  and  occurs 
near  Fresnel  number  2A/X1.  ” 1/10. 

For  small  Fresnel  number  T„  = T 4it/nAX.  The  output  should  be 

R sp 

independent  of  length  in  Ibis  regime,  but  the  output  intensity 
should  still  he  proport  ional  to  the  square  of  the  population 
inversion  density.  We  have  done  no  computer  analysis  in  the  small 
Fresnel  number  regime. 

To  properly  account  lor  the  spatial  variations  of  E associated 
with  finite  beam  diameter,  and  with  focusing  and  defocusing  in  a 
high  gain  medium,  a transverse  spatial  dependence  must  be  added 
to  Eqs.  (1).  Tills  aspect  of  the  analysis  deserves  further 
attenl ion. 


IV.  SOME  Al'FI.l CATIONS  OF  Slll’KRRADI ANCE 


A.  Sp i n-l’lionon  Superradiance 

It  may  be  possible  lo  observe  an  acoustical  analog  of  super- 
radiance in  the  spin-phonon  interaction  process  in  paramagnetic 
crystals. 'r  In  such  a system  the  paramagnetic  spins  are  coupled 
to  the  lattice  vibrations  (in  a manner  described  by  Jacobsen  and 
Stevens?n).  As  shown  in  Ref.  29,  in  the  slowly  varying  envelope 
approximation  the  coupled  spin-phonon  equations  become  almost 
identical  in  form  to  Eqs.  (l).',n  Acoustical  gain  can  be  suitably 
defined,  and  so  in  a high  gain  medium,  it  should  be  possible  for 
an  initially  inverted  ensemble  of  spins,  perturbed  by  kT  fluctua- 
tions, to  rapidly  transfer  its  stored  energy  to  the  lattice. 

The  ensuing  acoustic  waves  should  have  all  the  properties  of 
the  coherent  emission  observed  in  optical  super radiance . 

Keren  I Iv,  llahn  and  Wilson'  1 proposed  a related  experiment  t o 
observe  super  t .id  i .rut  emission  itr  a sp  i n-pbouon  .system  by  preparing 
the  spins  in  a phased  array.  Tire  phonon  avalanche  experiment  of 
Fry a anil  Wagnei  , " although  probably  not  a true  coherent  effect, 
was  an  Interesting,  advance  along  these  lines. 
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l‘>.  X-ray  Lasers 

The  requirements  for  efficient  superradiant  emission  should 
also  be  of  inti-rest  to  designers  of  x-ray  laser  systems.  Due  to 
the  short  lifetimes  of  the  transitions  and  the  lack  of  suitable 
mirrors  in  this  regime,  most  proposed  schemes  use  a single  pass 
high  gain  swept -exe i tat  ion  system.  Thus,  x-ray  lasers  will  super- 
radiate.  Consequently,  the  conventional  rate  equation  analysis 
is  not  applicable,  and  i he  above  considerations  can  be  useful 
to  osl  I mate  the  output  behavior.  Some  of  the  discussions  in 
Section  111  are  especially  relevant  to  the  x-ray  regime;  in  parti- 
cular, T|  is  usually  so  short  that  the  inversion  process  will  not 

be  completed  by  the  time  superradiance  occurs  [see  Eq . (10c)]. 

As  mentioned  above,  the  rate  equation  analysis  gives  incor- 
rect results.  for  example,  in  the  Na  scheme  of  Duguay  and  Rent- 
zepis,,'  rale  equation  analysis  predicts  (at  the  threshold  value) 

I about  10  limes  smaller  and  T about  10  times  larger  than  the 
p w 

semiclas.sical  predictions.  In  addition,  the  threshold  inversion 
density  is  a factor  of  10  smaller  than  the  corresponding  rate 
equation  threshold. 

Specific  applications  of  these  requirements  to  x-ray  laser 
schemes  are  discussed  further  in  Ref.  9. 
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(..  Ultrashort  Pulse  Generation 

Since  superradiance  is  the  optimum  method  for  extracting 

coherent  energy  from  an  inverted  medium,  it  is  interesting  to 

consider  il  as  a method  for  generating  ultrashort  pulses.  Although 

in  the  ideal  case  T decreases  with  increasing  N,  many  of  the 
w 

conditions  listed  above  restrict  the  shortness  of  output  pulses 

one  can  hope-  to  achieve.  Combining  F.qs.  (7b),  (7d)  , and  (10c) 

stiows  that  Liu-  inversion  time  places  a particularly  restrictive 

limit  on  the  minimum  T which  can  be  generated  superradiantly : 
w 


T > 2 i / d>  (11) 

w 


Therefore,  u 1 1 rastior t pulse  generation  by  this  method  requires 

swept  excitation,  small  r,  and  as  short  an  inversion  time  as 

picc;  I lit  e.  Values  ol  T /i  less  than  1/10  appear  possible. 

w 

Note  that  super  rad  iattee  is  a transient  process,  and  so  the 
gem-rat  ion  ol  u 1 1 rashort  pulses  by  this  method  is  inherently 
different  from  the  mode  locking  approach,  where  short  pulses 
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SUPERRA 


• «re  generated  by  mixing  a set  ol  equa  11  y -spaced  phase  correlated 
modes  to  synthesize  a Fourier  spectrum. 
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Abstract:  This  paper  explores  the  assumptions  made  in  the 

sent  I ■- lass  lea  I description  of  suporrad  lance . Simple  expressions 
lor  observable  output  parameters  in  several  experimentally 
relevant  regimes  are  given.  Implications  of  these  results  to 
some  possible  applications  of  superradiance  are  discussed. 


I.  INTRODUCTION 

In  view  of  the  renewed  experimental  interest  in  superradiance, 
a detailed  list  of  specific  limiting  conditions5  for  the  applica- 
bility of  the  simple  theoretical  model5’7  which  accurately 
described  the  results  of  the  initial  experiments8  seems  appropriate 
In  this  paper  the  semic lassical  model  and  its  exact  solution  in 
the  "Ideal,  super radiance"  limit  will  be  briefly  reviewed.  The 
effect  of  relaxing  each  of  the  assumptions  made  in  obtaining  this 
I 1 in i t will  he  described,  emphasizing  the  amount  by  which  the 
parameters  ol  an  actual  system  can  depart  from  ideality  without 
significantly  altering  the  analytical  expressions  for  the  expect- 
ed output  radiation.  The  changes  in  these  expressions  which  occur 
when  some  of  the  constraints  are  further  relaxed  will  then  be  dis- 
cussed. Finally,  the  implications  of  these  results  to  some  poten- 
tial applications  of  superradianco  will  be  mertioned. 

■k 
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These  considerations  should  be  of  particular  interest  to 
those  attempting  to  observe  superradiance  in  other  systems,  and 
are  relevant  to  the  problems  of  x-ray  laser  system  design9  and 
ultrashort  pulse  generation. 

Superradiance  is  the  spontaneous  radiative  decay  of  an 
assembly  of  atoms  or  molecules  in  the  collective  mode.  It  is 
the  optimal  process  for  extracting  coherent  energy  from  an 
inverted  system.  In  this  process  incoherent  emission  induces  a 
small  macroscopic  polarization  in  an  inverted  two-level  medium 
which  gives  rise  to  a growing  electric  field  and  consequently  an 
Increasing  polarization  in  space  and  time.  After  a long  delay, 
a highly  directional  pulse  is  emitted,  often  accompanied  by 
ringing.  The  peak  output  power  is  proportional  to  the  square  of 
the  number  of  radiators,  N. 


In  our  theoretical  model7  the  semiclasslcal  approach 
(classical  fields,  quantized  molecules)  has  been  adopted  in  order 
to  take  propagation  effects  fully  into  account.  Semiclasslcal 
discussions  have  also  been  given  by  Burnham  and  Chiao,10  Friedberg 
and  Hartmann,11  Arecchl  and  Courtens , 1 7 and  Bullough.  3 In  fact, 
Ulcke14  gave  a semiclasslcal  description  in  his  original  paper. 


For  a discussion  of  quantized  1 ield  models,  see  Bonifacio  and 
I.uglato1’’  and  references  contained  therein. 


The  coupled  Maxwell-Schrod inger  equations  in  the  slowly- 
varying  envelope  approximation,  written  in  complex  form,  are7’16 


,')E7 3x  = -kE  + 2ttk  ) 

P 

v.M 

» 

(la) 

2 

,p/„  . .(£  . lkvJ 

1J_ 

+ AP 

• 

(lb) 

i)n/3T  = A - n/Tj  - 

(1/*)  Re 

(EP*) 

• 

(lc) 

Here  P(x,T,v,M)  and  E(x,T)  are  the  complex,  slowly  varying 
envelopes  of  the  polarization  density  per  velocity  interval  dv 
In  degenerate  M -state  M and  of  the  electric  field,  respectively, 
at  position  x and  retarded  time  T = t-x/c;  n(x,T,v,M)  is  the 
Inversion  density;  tc  accounts  for  diffraction  or  other  loss;  T^ 

Is  the  population  decay  time;  T£  is  the  polarization  decay  time; 

A Is  a source  term  describing  the  rate  of  production  of  n;  Uz  is 

the  dipole  moment  component  parallel  to  the  direction  of  polariza- 
tion; and  £v  ^ denotes  a velocity  integral  and  a sum  over  degener- 
ate M-states.  The  remaining  notation  is  the  same  as  in  Ref.  7. 
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Spontaneous  emission  from  the  exicted  state  is  simulated  in 
this  model  hy  a randomly  phased  polarization  source  term  A which 

P 

describes  the  rate  of  production  of  P.  (The  expression  for  A is 

P 

given  in  Ref.  7.)  The  superradiant  process  can  be  initiated  by 
either  spontaneous  emission  or  background  thermal  radiation.  How- 
ever, only  spontaneous  emission  will  be  considered  in  this  paper, 
since  blackbody  radiation  (described  in  detail  in  Ref.  7)  is 
relatively  unimportant  at  wavelengths  shorter  than  50  u,  as  in  the 
experiments  of  current  interest. 

Three  basic  assumptions  are  incorporated  in  Eqs.  (1),  the 
implications  of  which  will  be  discussed  below: 

1)  The  semiclassical  model  with  a polarization  source  term 
to  simulate  spontaneous  emission  is  used,  instead  of  a quantized 
field  model. 

2)  The  plane  wave  approximation  is  utilized.  Thus,  effects 
associated  with  finite  beam  diameter  are  neglected. 

3)  The  interaction  of  forward  and  backward  travelling  waves 
Is  ignored. 

Computer  solutions  of  Eqs.  (1)  should  be  used  for  precise 
comparisons  with  experimental  data.  However,  approximate  analy- 
tical solutions  which  are  in  close  agreement  with  the  computer 
results  can  be  obtained  in  certain  limiting  cases.  These  results 
are  useful  in  estimating  relevant  experimental  parameters  and  as 
an  aid  to  understanding  the  underlying  physical  processes. 


II.  IDEAL  SUPERRADIANCE 

In  this  limit  an  exact  solution  of  the  resulting  equations 
can  be  obtained,  with  simple  expressions  for  experimentally 
observable  quantities  such  as  output  intensity,  pulse  width,  and 
delay  time.  These  can  be  useful  in  determining  the  feasibility 
of  a proposed  superradiant  scheme  and  in  optimizing  an  existing 
system. 

The  assumptions  made  to  obtain  the  "ideal  superradiance" 
limit,  in  addition  to  those  built  into  Eqs.  (1),  are:  (4) 

1/Tj  = l/T^  = l/T*  = 0,  where  T*  is  the  dephaslng  time;  (5) 

P(t  * 0)  = 0 (no  initial  polarization  at  the  superradiant 
transition);  (6)  x = 0;  (7)  no  level  generacy  (n  is  summed  over 
degenerate  M states  and  is  averaged  over  M states);  (8)  swept 

excitation  (system  inverted  by  a pulse  travelling  longitudinally 
through  the  medium  at  the  speed  of  light);  (9)  zero  inversion 
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(line  (system  ir-  od  Instantaneously);  and  (10)  no  feedback. 
Furthermore,  (!■  A Is  set  equal  to  zero  and  replaced  by  an 

equivalent  delta-function  Input  electric  field.  Kach  of  tliese 
assumptions  is  discussed  below. 

Given  these  assumptions,  Kqs.  (1)  become  7 


3f/3x  - 2ik  P , 

(2a) 

3P/3T  = p2nE/h  , 

z 

(2b) 

-<* 

3n/3T  = - EP/+1 

(2c) 

' 

and  n,  E,  and  P are  all  real.  The  solution 

of  these  equations 

is  n = n()  cos  ip,  P = P2n0  sin  ip,  nQ  = n(t  = 

0) , and 

dip/dT  = ii^E/h 

(3) 

* 

whl'rt* 

T 

ip(x,T)  = J (iW-h)E(x,T')dT’ 

(A) 

is  the  partial  area  of  the  pulse. (The  total  area  0(x) 

ip(x,«)  .) 

Applying  the  transformation  w = r2xT  to  Kqs, 
the  pendulum  equation,17 

. (2a)  and  (3) 

gives 

<p”  + (1/vH'  = sin  iP/(TrL) 

(5) 

1 

j 

where  ip  = ip(w)  and 

t 

* 

A +1  J 

K 2 '1  2n  2 

(6) 

la 

"zV* 

Is  tlie  character  I sL i c radiation  damping  time  of  the  collective 

sy  it  cm. 
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Equations  (2b-c)  give  rise  to  the  familiar  Bloch  vector  picture. 
As  can  be  seen  from  the  r, T dependence  of  Eq.  (5),  this  system  is 
analogous  to  a spatial  array  of  coupled  pendula,  initially  tipped 
at  a uniform  small  angle  if(w  = 0)  = 0(x  * 0)  = 6q,18  which  fall 
as  a phased  array. 

The  solution  of  Eq . (S)  is  completely  determined  by  two  para- 
meters,10 T and  the  initial  tipping  angle  0_.  For  a given  value 
K 2 ° 

of  0 , a single  curve  relates  T I to  T/TD  (see  Fig.  4 of  Ref.  7), 
u K p K 

and  approximate  expressions  in  terms  of  $ H In  (2tt/0q)  can  be 
derived  for  the  peak,  output  power 

1 ^ = 4NWr]{$2  ••  N2  , (7a) 

l lie  width  of  the  output  pul  se 

Tw  = V " N_l  * <7b> 


and  the  energy  contained  in  the  first  lobe  of  emitted  radiation 


E ANtP.i/i )>  " N . (7c) 

P 

The  delay  time  from  the  inversion  to  I is 

P 

td  : tr,<’2/4  “ N_1  ’ (7d) 

so  that  T * T cj> /A.  Typically,  10  < $ < 20. 

U W 

III.  APPLICABILITY  OF  IDEAL  SUPERRADIANCE 

The  regions  of  validity  of  each  of  the  assumptions  listed 
above  will  now  be  discussed. 


A.  Simplifying  Assumptions  Which  Have  Little  Effect  on  Output 

We  first  consider  those  assumptions  which  can  be  completely 
removed  without  significantly  affecting  the  ideal  solution. 
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a)  The  semiclassical  approach  describes  the  system  for 

T » TR,  since  at  TR  there  is  one  photon  In  each  mode  of  the  radi- 
ation field.7  Although,  strictly  speaking,  the  semiclassical 
description  breaks  down  for  T < TR,  we  are  only  interested  in  the 

output  at  T , which  is  typically  25-100  T . Fluctuations  in  the 

u R 

fields  during  the  first  TR  will  have  little  effect  on  the  output 

at  T|}  due  to  the  logarithmic  dependence  of  the  output  on  the 

initial  conditions  through  <j>.  Thus,  the  randomly  phased  polari- 
zation source,  constructed  to  be  consistent  with  the  requirements 

of  thermal  equilibrium,7  should  give  correct  results  for  T » T„. 

K 

b)  Computer  analysis  shows  that  the  effect  of  A on  the 

P 

evolution  of  the  system  is  almost  identical  to  that  of  a delta- 
function  input  E field  of  appropriate  magnitude  to  give 

- In  £ /2nN  (2naI,)^^J,  where.  aL  is  the  small-signal  field  gain, 
so  that  uL  » T^/Tr,  where  T^  is  the  Inverse  linewidth.  This  is 

understandable  since  fluctuat  Lons  at  the  far  end  of  the  medium 
are  amplified  over  the  greatest  length  and  therefore  dominate. 

c)  Computer  analysis  of  the  interaction  between  forward 
and  backward  travelling  waves  shows  that  this  effect  is  virtually 
negligible  in  all  swept  excitation  systems,  and  it  is  also 
negligible  in  uniformly  excited  systems  for  which  L/c  S T^. 

(This  latter  case  is  discussed  below.)  This  is  so  because  the 
forward  and  backward  waves  only  become  sizable  in  the  same 
region  after  much  of  the  stored  energy  has  been  radiated.19 

2 

d)  Computer  calculations  show  that  replacing  by  its 

average  value  over  M states  and  n by  its  sum  over  M states  has 
little  effect  on  the  output  radiation.  Therefore,  the  influence 
of  level  degeneracy  is  insignificant. 


B.  Assumptions  Which  Can  Significantly  Affect  Output 

For  the  remaining  assumptions,  small  deviations  from  ideality 
arc  of  little  Importance  but  large  deviations  can  cause  significant 
changes  in  the  output.  The  following  conclusions  have  been 
verified  by  computer  solutions  of  Eqs.  ( 1 ) . 5 

a)  The  lifetimes  need  not  be  infinite,  which  would  imply 
Infinite  gain: 

1)  The  net  gain  (gain  minus  loss)  must  be  large  enough 
so  that  the  total  area  of  the  output  pulse  can  grow  to  it.  This 
leads  to  the  requirement5 
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(a  - <)L  * $ 


(10a) 


In  the  opposite  limit  where  (a-ic)L  < 1,  collective  effects  can  still 

be  important  (since  T„  « T ) but  only  a small  fraction  of  the 
K.  sp 

energy  is  radiated  coherently  (since  « TR) ; this  regime,  which 

we  refer  to  as  "limited  superradiance" , 7 includes  such  familiar 
effects  as  free  induction  decay  and  echos.  In  the  intermediate 
regime,  where  1 < (a-ic)L  < <J>,  the  peak  intensity  will  be  signifi- 
cantly less  than  that  given  by  Eq.  7(a);  analytical  results  in 
this  regime  can  be  obtained  from  the  linear  theory  of  Crisp.70 

ii)  must  be  greater  than  Tp  [Eq.  7(d)],  otherwise  the 

population  will  decay  incoherently  and  reduce  the  amount  of 
coherent  output.  This  leads  to  the  condition  for  efficient  output 

ah  > (4>i 2/4)T^/T1  . (10b) 


There  is  no  similar  requirement  on  T^  or  T ^ since  effects  due  to 

large  dephasing  or  polarization  decay  rates  are  offset  by  high 
gain.7 

b)  As  long  as  the  inversion  time  t is  less  than  the  observed 
delay  time,  a non-zero  x will  have  little  effect  on  the  output 
other  than  to  increase  the  observed  delay  time  from  T^  to 
Tp  + x/2.  This  gives  the  requirement 


i £ 2T 


D 


(10c) 


I f the  superradiant  output  occurs  before  the  inversion  process 
terminates,  then  only  the  early  part  of  the  population  inversion 
can  contribute  to  the  first  burst  of  radiation.21  In  the  simple 
case  where  the  inversion  density  in  the  absence  of  superradiant 
emission  is  equal  to  At,  A constant,  then9 


(T  I 

D'  observed 


A 


4wT  i)>2/A2LA 
sp 


I = 2hwALA 
P 


and 
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T = 8i4tT  /A2LA 
w sp 


Simple  forms  other  than  At  can  also  be  solved  analytically,  and 
graphical  solutions  are  also  possible.9 

This  same  method  can  be  used  to  provide  an  approximate 
solution  for  the  case  where  T < T , in  violation  of  requirement 
(10b)  above. 

<•)  Excessive  loss  k can  diminish  superradiance  in  two  ways. 
It  can  reduce  the  net  gain,  making  requirement  (10a)  harder  to 
fulfill.  Superradiant  behavior  also  requires  that 


/ r dx  < 4>/4 


(10d) 


When  Sr  dx  z 4>  / A the  pulse  stops  narrowing  and  the  intensity  no 

longer  grows  with  length.  For  constant  k,  Ip  = Nhw/4TR(icL) 2 . 22 

In  the  case  of  diffraction  of  a Gaussian  beam, 

2 

/ k dx  = 1/2  ln[l  + (AI./A)  ].  This  quantity  is  always  small  when 
the  Fresnel  number  is  larger  than  unity. 

d)  Uniform  excitation  (entire  system  inverted  simultaneously, 
in  contrast  to  swept  excitation)  will  have  little  effect  on  the 
output  as  long  as  the  transit  time  T « L/c  is  less  than  the 

observed  delay  time,  other  than  to  Increase  the  observed  delay 
time  to  T()  + T^r/2.  When  T Is  longer  than  the  delay  time,  the 

system  will  no  longer  radiate  as  a single  entity;  this  places  a 
condition  on  the  length  ("cooperation  length"): 


. A 


2 2 
cT  <T/2n  A 

sp 


(10e) 


Longer  systems  will  break  up  into  a number  of  independently 
radiating  segments  in  a manner  described  by  Arecchi  and  Courtens.12 
In  this  limit,  the  output  intensity  1 = nAhtoc  and  no  longer 

increases  wllh  increasing  length.  Note  that  requirement  (lOe) 
does  not  apply  to  swept  excitation. 

<•)  The  presence  ol  polarization  at  the  superradiant  transi- 
tion l - 0 wl I I have  little  effect  provided  that 
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P(t  = 0)  *r  ii  n0 
z 0 


(10f) 


Larger  values  of  P(t  = 0)  are  equivalent  to  increasing  the  initial 
tipping  angle  of  the  Bloch  vector,  which  shortens  the  delay  time 
and  reduces  the  ringing.  This  increases  the  difficulty  of  com- 
pleting the  inversion  process  before  coherent  emission  begins. 

In  principle,  a pulse  of  area  exactly  it  could  completely  invert  an 
initially  absorbing  medium  without  residual  polarization.  An 
energy  conservation  argument  shows  that  such  a pulse  would  have  to 
be  shorter  than  TR  in  order  not  to  lose  area  as  it  traverses  the 

medium;  for  longer  pulse;,  the  effects  of  self-induced  transparency 
and  pulse  propagation  become  relevant . 1 0 ’ 1 2 * 1 6 ’ 2 3 * 24  As  a practical 
matter,  schemes  to  directly  invert  two-level  systems  are  probably 
not  feasible  due  to  problems  associated  with  loss,  level  degeneracy, 
transverse  variations  in  the  electric  field  associated  with  beam 
profile,  and  the  difficulty  of  generating  a pulse  of  exactly  area  tt. 

These  problems  can  be  circumvented  by  using  indirect  excitation 
methods  such  as  three  level  pumping8  and  two  photon  excitation  with 
a nonresonant  intermediate  state.  All  observations  of  superradiance 
up  to  now  have  employed  such  schemes.  However,  the  problem  remains 
that  when  the  pump  radiation  is  turned  off,  a large  residual 
polarization  could  be  lei t at  the  pump  transition.  This  can  result 
in  superradiance  at  this  transition,  which  would  deplete  the 
population  available  for  superradiance  at  the  desired  wavelength. 
This  problem  can  be  overcome  by  using  an  incoherent  pump  pulse,  or 
by  choosing  a much  shorter  wavelength  for  the  pump  transition 

(to  increase  its  T ). 

K 

One  should  also  note  that  in  indirect  excitation  schemes  the 
background  emission  which  initiates  superradiance  can  be  modified 
by  the  presence  of  the  pump  field  through  multiple  quantum  transi- 
tions. This  would  increase  the  effective  initial  tipping  angle, 
particularly  if  i is  long. 

f)  The  effect  of  feedback  on  the  output  is  negligible  as 
long  as  the  output  field  due  to  the  initializing  spontaneous 
emission  is  significantly  greater  than  the  additional  output 
which  results  from  the  feedback  process.  Comparing  these  two 
quantities  gives  a condition  on  the  feedback  fraction  F: 


...  0.354  ,2. 
4/(e  T 4>  ) 


(10g) 


(F  10  * in  the  HF  experiments. In  long  systems,  where 
transit  time  Is  appreciable;,  the  influence  of  feedback  decreases. 
Computer  calculations  in  this  regime  have  not  yet  been  made. 
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The  effect  of  significant  feedback  is  to  drastically  shorten 
the  delay  times  and  reduce  the  ringing;  the  effect  is  analogous 
to  continuing  to  push  a pendulum  after  it  has  started  to  fall. 

The  system  acts  as  if  it  were  subject  to  a different,  larger 
initial  condition. 

g)  The  plane  wave  approximation  breaks  down  when  the  solid 
angle  factor  p of  Rehler  and  Eberly26  (a  function  of  A,  L,  and  X) 
falls  in  the  small  Fresnel  number  regime  of  Fig.  5 of  Ref.  26; 
the  break  between  the  two  regimes  is  relatively  sharp  and  occurs 
near  Fresnel  number  2A/XL  ' 1/10. 

For  small  Fresnel  number  T„  = T 4ir/nAX.  The  output  should  be 

R sp 

Independent  of  length  in  this  regime,  but  the  output  intensity 
should  still  be  proportional  to  the  square  of  the  population 
Inversion  density.  We  have  done  no  computer  analysis  in  the  small 
Fresnel  number  regime. 

To  properly  account  for  the  spatial  variations  of  E associated 
with  finite  beam  diameter,  and  with  focusing  and  defocusing  in  a 
high  gain  medium,  a transverse  spatial  dependence  must  be  added 
to  Eqs.  (1).  This  aspect  of  the  analysis  deserves  further 
attention. 


IV.  SOME  APPLICATIONS  OF  SUPERRADIANCE 


A.  Spin- Phonon  Superradiance 

It  may  be  possible  to  observe  an  acoustical  analog  of  super- 
radiance in  the  spin-phonon  interaction  process  in  paramagnetic 
crystals.27  In  such  a system  the  paramagnetic  spins  are  coupled 
to  the  lattice  vibrations  ( in  a manner  described  by  Jacobsen  and 
Stevens28).  As  shown  in  Ref.  29,  in  the  slowly  varying  envelope 
approximation  the  coupled  spin-phonon  equations  become  almost 
Identical  in  form  to  Eqs.  (I).30  Acoustical  gain  can  be  suitably 
defined,  and  so  in  a high  gain  medium,  it  should  be  possible  for 
an  initially  inverted  ensemble  of  spins,  perturbed  by  kT  fluctua- 
tions, to  rapidly  transfer  its  stored  energy  to  the  lattice. 

The  ensuing  acoustic  waves  should  have  all  the  properties  of 
the  coherent  emission  observed  in  optical  superradiance. 

Recently,  Hahn  and  Wilson27  proposed  a related  experiment  to 
observe  superradiant  emission  in  a spin-phonon  system  by  preparing 
the  spins  in  a phased  array.  The  phonon  avalanche  experiment  of 
Brya  and  Wagner,31  although  probably  not  a true  coherent  effect, 
was  an  interesting  advance  along  these  lines. 
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B.  X-ray  Lasers 

The  requirements  for  efficient  superradiant  emission  should 
also  be  of  interest  to  designers  of  x-ray  laser  systems.  Due  to 
the  short  lifetimes  of  the  transitions  and  the  lack  of  suitable 
mirrors  in  this  regime,  most  proposed  schemes  use  a single  pass 
high  gain  swept-excitation  system.  Thus,  x-ray  lasers  will  super- 
radiate.  Consequently,  the  conventional  rate  equation  analysis 
is  not  applicable,  and  the  above  considerations  can  be  useful 
to  estimate  the  output  behavior.  Some  of  the  discussions  in 
Section  III  are  especially  relevant  to  the  x-ray  regime;  in  parti- 
cular, Tj  is  usually  so  short  that  the  inversion  process  will  not 

be  completed  by  the  time  superradiance  occurs  [see  Eq.  (10c)]. 

As  mentioned  above,  the  rate  equation  analysis  gives  incor- 
rect results.  For  example,  in  the  Na  scheme  of  Duguay  and  Rent- 
zepis,3'  rate  equation  analysis  predicts  (at  the  threshold  value) 

I about  10  times  smaller  and  T about  10  times  larger  than  the 

p w 

semiclasslcal  predictions.’  In  addition,  the  threshold  inversion 
density  is  a factor  of  10  smaller  than  the  corresponding  rate 
equation  threshold. 

Specific  applications  of  these  requirements  to  x-ray  laser 
schemes  are  discussed  further  in  Ref.  9. 


C.  Ultcashort  Pulse  Generation 

Since  superradiance  is  the  optimum  method  for  extracting 
coherent  energy  from  an  inverted  medium,  it  is  interesting  to 
consider  it  as  a method  lor  generating  ultrashort  pulses.  Although 
in  the  ideal  case  Ty  decreases  with  increasing  N,  many  of  the 

conditions  listed  above  restrict  the  shortness  of  output  pulses 
one  can  hope  to  achieve.  Combining  Eqs.  (7b),  (7d),  and  (10c) 
shows  that  the  Inversion  time  places  a particularly  restrictive 
limit  on  the  minimum  T^  which  can  be  generated  superradiantly : 


T * 2 i /d> 

w 


(ID 


Therefore,  ultrashort  pulse  generation  by  this  method  requires 

swept  excitation,  small  ► , and  as  short  an  inversion  time  as 

possible.  Values  of  T /i  less  than  1/10  appear  possible. 

w 

Note  that  superradiuuce  is  a transient  process,  and  so  the 
generation  of  ultrashort  pulses  by  this  method  is  inherently 
different  from  the  mode  locking  approach,  where  short  pulses 
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are  generated  by  mixing  a set  of  equally-spaced  phase  correlated 
modes  to  synthesize  a Fourier  spectrum. 

t 
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Theory  of  superradiancc  in  an  extended,  optically  thick  medium* 

J.  C Macf'iilivray  and  SI  S Feld' 

Department  of  Phyuci  and  Spctroc  pv  Laheatory.  Mav-uchuulli  Invuule  of  Technology 
Cambn  'e  Maisachu'a'ti  OJJJV 
(Re  ived  21  \pnl  I9?e) 

This  paper  presents  a sent. classical  treatn.  n of  the  evolution  of  an  initially  inverled  system  into  a 
su(<rrajiant  state  in  an  emended,  optically  tuck  rntdiijm  In  tins  process  spontaneous  emission  and 
background  thermal  ladution  initiate  the  colie  ive  radiative  decay  and  produce  a superradiant  output  pulse  of 
intensity  proportional  lo  the  square  of  the  i.  .mher  ol  radiators  The  treatment  is  based  on  the  coupled 
Maswel!  Schrod  nyer  equations,  nnslnied  to  n.  uje  a fluctuating  polarization  source  properly  constructed  to 
account  for  the  cflecis  * f sponianeous  emivsioi  Computer  results  show  that  for  a hiyh-yain  system  only  two 
parameters  viynil'ic.intly  influence  the  cvolntioi  process  7,.  the  cl-.  ir.ictciistic  radution  damping  tune  of  the 
collective  system  and  » a function  of  the  con  owns  »‘n.h  initiate  the  superradiant  process  In  this  limit  one 
obtains  a normalized  '.mission  curse  and  sin  e anaiytr.al  espressions  for  the  lime  delay,  pulse  width,  and 
peak  intensity  of  the  output  radiation  These  r uhs  arc  in  g csd  agreement  with  esperiments  A comparison  of 
our  model  with  presious  treatments  of  superra  ance  is  given 


I [N1RODIX  I ION 

Super  radiance,  th<*  idea  that  tiro  spontaneous 
emission  rate  of  an  assembly  of  atoms  (or  mo!-- 
cules)  can  be  much  greater  than  that  of  the  sat  e 
number  of  isolated  atoms,  has  b"cn  the  subject 
of  trior'i  theoretical  discussion  shirt  it  was  ori  tin- 
ally  proposed  by  Oiehe1  in  lb'  1,  In  li  e process  of 
.superradiant  emission  the  atoms  are  coupled  to- 
gether by  their  common  radiation  field,  ami  so 
decay  Cooperatively.  The  intensity  omitted  by  V 
atoms  is  therefore  proportional  to  ,VJ  instead  of 
,V.  Thus,  superrndir.nco  is  a fundamental  effect. 

Historically,  observations  of  cooperative  en  s- 
sion  efforts  go  bath  a-  least  as  far  as  llahr.  s nin- 
echo  exp  art  men’  of  1 t''.*  tin-  c.r  umg  year 
experimental  obsert  I'ion  > ■>{  fr.  • ■ indui  tion  ch  eav, 
echos,  and  other  cooperative  emission  effects 
have  been  made  m tilth  optica!'  and  longer -wae- 
ler.gth4  regimes  i-.’c.h  phenomena  can  be  term  *J 
“limited  supt  rracu  ir.ee,"  m that  cm*!;,  a small  f rac- 
tion of  the  energy  stored  in  the  sample  is  emi’tfd 
cooperatively,  sr,  iti.n  me  heeny  of  the  sample  is 
essentially  unaffected  by  the  cooperative raoiu’ ion.4 

In  1973  the  first  observation  of  “strong  supi  i - 
radiance"  was  made  m optically  jjtimpcd  II K v s.s 
In  this  experiment  virtually  all  of  the  energy  t’ored 
In  Ihe  sample  was  emitted  cooperatively,  and  o 
the  decay  of  the  sample  was  dramatically  aco  ler- 
alcd.  Although  the  emitted  radiation  had  all  t!  *» 
characteristics  of  superr.uli.incc  described  by 
Oickc,  the  detailed  behavior  (e.g. . ring  trig,  time 
delay  of  output)  differed  substantially  from  th  f 
predicted  by  the  tlieofetic.il  el.ilxir.it tons  of  Poke's 
work  then  available.  Ciuided  by  'lie  exporit  icn- 
tal  observations,  a simple  theoretical  model  v.  ns 
develop*  d*  “ which  accurately  described  the  f*  a- 
tures  of  the  emitted  radiation.  TTie  present  p .por 


is  an  elaboration  of  that  model  Recent  experi- 
mental observations  and  their  analysis  are  pre- 
sented m anotiier  paper. 

Dickc  considered  two  regime?,  distinguished  by 
whether  the  sample  is  small  (“point  sample  ")  or 
large  (“extended  medium”)  compared  to  the  wave- 
length of  the  emitted  radiation.  The  description  of 
superradiant  emission  in  an  extended  sample,  such 
as  occurs  m the  HI'  experiments,  requires  a more 
complex  analysis,  since  propagation  effects  must 
be  fully  taken  into  account.  Although  most  theoret- 
ical treatments  of  suporradianct  have  used  quan- 
tized fields,7* 12 •17*:o  propagation  effects  are  more 
easily  included  in  the  semic.'assir.il  approach 
(classical  fields,  quantized  molecules)  used  by 
Dicke'"1  and  a few  others. c ll,n  ;-'  Tie  model 
presented  here  makes  use  of  the  scmic'.assica! 
approach  which,  as  discussed  below,  adequately 
describes  a superr  adiant  system.  In  fact,  there 
is  nothing  inherently  quantum  mechanical  about 
superr:  diance,  as  is  illustrated  by  Dicke’s  de- 
scr.ption1*^1  of  how  a collection  of  classical  dipoles 
appropriately  prepared  can  exhibit  superradiant 
behavior.  Later,  our  semiclassieai  results  will 
be  compared  with  some  results  obtained  in  quan- 
tized field  treatments. 

The  theory  developed  in  this  paper  is  relevant  to 
several  potentially  useful  applications  of  super- 
radiance.  For  example,  it  may  be  possible  to  pro- 
duce ultrashort  superradiant  pulses  of  large  peak 
intensity.”  The  results  of  this  work  should  also 
be  applicable  to  x-ray  lasers77  where,  owing  to  the 
lack  of  suitable  reflective  surfaces,  feedback  is 
absent  and  one  must  depend  on  single-pass  gain. 
Superradiant  emission  should  also  be  observable 
in  spin-lattice  systems. 

In  an  extremely  long  (or  dense)  sample,  features 
of  the  superradiant  output  may  be  modified.  The 
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maximum  spatial  extent  of  a system  which  can 
euporradiate  as  a whole,  and  the  minimum  dura- 
tion of  its  output  pulses,  arc  limited  by  effects 
such  as  finite  transit  time,  diffraction,  and  the 
nature  and  duration  of  the  excitation  process.  These 
effects  arc  discussed  m another  paper'"";  they  are 
insignificant  in  the  case  of  optically  pumped  HF 
gas  at  mTorr  pressures  in  samples  shorter  than 
-10  m (about  10  times  the  sample  length  of  the 
experiments). 

The  remainder  of  this  paper  contains  the  follov.  - 
ing  sections  II,  Experimental  Observation  of 
Superradiance.  Ill,  Physical  Pruiciplcs.  IV,  The- 
oretical Model  with  Polarization  Source,  with  sub- 
sections. A,  Introduction;  It,  Coupled  Maxwell- 
Schrodinger  equations;  C.  Polarization  source; 

D,  Blarkbodv  radiation  and  “equivalent  input  field.” 
V,  Numerical  Results.  VI.  Simplified  Theory. 

VII,  Connections  with  Other  Work. 

Lengthy  mathematical  discussions  have  been 
placed  in  the  appendixes. 

II  I.XPI  Kl'tl  M M OHXI  KVA1ION  OF  SlJPI.RRADIANt  E 

In  the  experiments"-1*,,‘'  a long  sample  cell  of 
low-pressure  HE'  gas  is  {lumped  by  a short  intense 
jjulse  from  an  HF  laser  operating  on  a single  it  >r 
F branch  transition  between  the  r 0 and  1 vibra- 
tional levels  (Fig.  1).  This  produces  a nearly  com- 
plete population  inversion  between  two  adjacent 
rotational  levels  in  the  first  excited  vibrational 
state,  corresponding  to  a transition  in  the  50-2  0- 
(im  range.  The  infrared  radiation  from  this  coi  'led 
transition  (which  is  not  at  the  same  frequency  a 
the  pump  transition)  is  studied  as  a function  of  t ine. 
There  are  no  mirrors,  and  care  is  taken  to  mini- 
mize feedback.  A detailed  description  of  the  ex- 
periments and  their  comparison  with  theory  is 
given  in  Ref.  ' 5. 

An  example  of  the  observed  output  intensity  is 
shown  in  Fig.  2(c).  After  a considerable  delay 
(-1-2  jisec)  with  respect  to  lhe-100-nsec  pump 
pulse  | Fig.  2(a)|,  radiation  is  emitted  in  a series 
of  intense,  short  (-100  nsee)  bursts  of  diminishing 
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FIG.  1.  HF  level  scheme  and  schematic  of  expert 
mental  setup. 
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FIG.  2.  Comiavison  of  observed  output  and  Incoher- 
ent spontaneous  emission.  Time  is  plotted  on  a logarilh- 
mie  scale,  (a)  i’ciuilation-invcrting  la  .it  pulse.  Oil 
Output  expected  from  incoherent  spontaneous  emission, 
exhibiting  exjionential  decay  and  an  isotropic  radiation 
pattern  (c)  Observed  output , exhibiting  ringing,  a 
highly  directional  radiation  pattern,  and  a peak  inten- 
sity of  ~ to’8  times  that  of  (b).  The  inset  shows  the  lime 
evolution  of  the  same  pulse  with  a lim  ar  time  scale. 


size  (“ringing”);  the  process  is  completed  within 
a few  psec.  The  radiation  pattern  is  highly  direc- 
tional; almost  all  of  the  radiation  is  emitted  into 
a very  small  angle  along  the  .axis  of  the  pump  beam. 

If  the  radiation  emitted  by  this  system  were  in- 
coherent spontaneous  emission,  then  it  would  have 
a long  exponential  decay  (the  radiative  lifetime  of 
these  transitions  is  in  the  1-10-sec  range),  and 
the  radiation  pattern  would  be  isotropic  iFig.  2(b) j. 
Furthermore,  the  observed  peak  intensity  is  ter. 
orders  of  magnitude  greater  than  that  expected  for 
incoherent  radiation.  It  is  therefore  clear  that  the 
process  observed  is  not  incoherent  spontaneous 
emission.  It  is  also  clear  that  the  output  signal  is 
not  “amplified  spontaneous  emission” 30'“  in  the 
usual  sense,  since  the  pulse  evolution  time  is  much 
longer  than  the  time  over  which  population  inver- 
sion occurs. 

The  observed  radiation  is  also  distinct  from  that 
of  an  “ordinary”  high-gain  laser,  even  one  which 
can  oscillate  without  mirrors,  such  as  a saturated- 
molccular-nitrogcn  laser  (3300 A).33-3*  In  the 
nitrogen  system  the  peak  output  intensity  is  direct- 
ly proportional  to  the  total  population  difference 
between  the  levels  of  the  laser  transition.  There- 
fore, when  the  length  or  pressure  is  increased, 
the  peak  intensity  increases  proportionally.  In 
contrast,  the  peak  intensity  of  the  observed  output 
pulses  in  HF  is  proportional  to  the  square  of  the 
pressure. 3 This  proportionality  is  in  agreement 
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with  the  theoretical  conclusions  illustrated  in  ' ig. 

4 below. 

The  observed  output  radiation  is  therefore  d.s- 
tinct  from  both  mcolicrent  emission  and  normal 
laser  radiation.  The  V’  dependence  and  the  dn  ec  - 
tionality  of  the  observed  radiation  agree  with  me 
predictions  of  Dicke‘,2‘  for  the  behavior  of  a s per- 
radiant  system  (Sec.  III).  'Die  present  analysi  . of 
a superradiant  system  is  based  on  the  semicla  si- 
cal  formalism ’ ’ which,  as  shown  below,  prcdi- ts 
the  same  ,V2  dependence  and  directionality  as 
Dicke’s  analysis.  The  semiclassical  formalis.  i 
makes  possible  a detailed  description  of  the  ti  le 
evolution  of  the  system  and  allows  one  to  establish 
the  specific  conditions  under  which  superradi.  ice 
can  occur  m an  extended  sample.  Furthermot  <*, 
in  the  special  case  of  “limited  superradiance " 
described  below,  the  results  of  the  present  ana- 
lysis reduce  to  those  obtained  in  previous  theo- 
retical treatments  of  superradiancc.11,15-11  The 
interpretation  of  the  present  experiment  as  the 
observation  of  .superradi. nice  is  based  on  the  con- 
nections of  the  preM  nt  theory  with  previous  treat- 
ments of  Dirko  and  others,  and  the  agreement  of 
this  theory  with  our  experiments. 

Ill  PHYSIC At  PRINt  ll’l  I S 

In  his  original  treatment,  Dickc1  consideree 
the  radiative  decay  of  an  assembly  of  niolccub  s 
for  both  a point  sample  (where  the  wavelength  of 
emitted  radiation  A is  much  greater  than  the  sam- 
ple length  /.)  and  an  extended  medium  (l.» A).  In 
a point  sample,*1  by  treating  the  entire  collec’ion 
of  (V  molecules  as  a single  quantum- mechanical 
system,  he  found  that  .ui  initially  totally  inverted 
system  will  evolve  into  a “superradiant"  state 
whose  intensity  is  ,V'/4  times  Die  intensity  radiated 
by  a single  molecule.  Tins  is  larger  by  a factor 
of  N / 4 than  the  intensity  radiated  by  X incoherent 
molecules. 

For  an  extended  medium,  Dickc1  showed  that  an 
array  of  quantum-meehaiiie.il  di|K>lcs  phased  along 
an  axis  could  also  produce  sopcrradiunt  emission. ** 
Most  of  the  radiation  from  the  array  is  emitted 
into  a small  solid  angle  along  (he  axis.  For  sys- 
tems in  winch  the  Fresnel  number  2.\/Af,a>l 
(“disk”),  the  fraction  of  solid  angle  within  winch 
the  radiation  adds  coherently  is" 

/ -AfJ/4»  -A*/4s  l , (1) 


X incoherent  dipoles  by  a factor  X/-10*. 

The  power  / radiated  by  this  array  of  .V  dipoles 
can  be  written  m the  form1, 

/■■.vi;wr,),  (2) 

where  T „ is  the  characteristic  radiation  damping 
time  of  the  collective  system,37 

I r =/,„(8a/wAJ/.)  , (3) 

ii  - X /A l. , and  TsP  is  the  lifetime  of  an  isolated 
molecular  dipole.  Therefore,  the  emitted  power 
is  proportional  to  X2/. 

In  an  extended  molecular  sample  which  is  evolv- 
ing to  a superradiant  state,  a macroscopic  polari- 
zation is  established  over  a region  of  space.  This 
polarization  is  equivalent  to  a phased  array  of 
dipoles  which  can  be  represented  quantum  mech- 
anically as  coherent  mixtures  of  the  stationary 
states  of  the  molecules.21  In  the  case  ol  a ( f 
-J  * 1)  — (./ - J)  rotational  transition  of  a di- 
atomic molecule  such  as  HF,  T „ is  given  by 

*w0/7j»=  i lpl*u>o/c3,  (4) 

whercM 


lp|  = 


=•  P 


J - 1 
0 2J  + 3 


(5) 


and  p0  is  the  dipole  moment  of  the  molecule.  Com- 
bining I3qs.  (3)  and  (4),  we  have 


r 


- i _ 
R ~ 


2n 

a' 


(6) 


where  «(.U)  is  the  population  inversion  density  be- 
tween the  states  I J > and  | »r  is 

the  sum  of  u(.'/)  over  all  M levels  in  and 

»r 


where 

P.O')-=P.I(./<  l,At)-(J,M)]. 

In  our  lfF  case, 

2 . Pjj^  J * 1 


P.= 


3 2.1  i 3 


(7) 

(8) 

(9) 


when  the  excitation  pulse  is  a P branch  transition, 
and 


pJ! 


Mb 

‘3  2d  4 1 


(10) 


where  A is  the  cross-sectional  area  of  the  sample. 
In  our  HF  system,  where  the  Fresnel  number  is  of 
order  unity,  the  correct  formula"  gives  a vai  io 
only  slightly  different  from  that  of  lOq.  (1),  and 
/~10‘\  The  oulput  radiation  intensity  of  the  array 
of  dipoles  is  larger  than  the  radiated  in  tonsil,  of 


for  an/?  branch  excitation  pulse. 

Kquation  (2)  shows  that  when  the  sample  radiates 
as  a collective  system,  the  lifetime  decreases 
from  T„  to  ~TK.  T K can  therefore  be  interpreted 
as  a characteristic  radiation  damping  time  of  the 
collective  system.  For  the  HF  system,  T,p~  1 sec 
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and  n-10"-I0'2  cm*3,  so  TR-\0~*  sec.  In  order 
for  the  system  to  decay  by  the  collective  mode 
rather  than  as  independent  radiators  it  is  neces- 
sary that  TK«Tst.  For  a “disk"  this  requires 
that  nk*L»l;  i.e.,  there  must  be  a large  numb'  r 
of  molecules  in  a “diffraction  volume"  \2 L 
~(\2/A)AL.  This  requirement  also  insures  that 
there  are  many  molecules  in  a cylinder  of  cros 
section  A2  and  length  L,  so  that  a coherent  wav< 
front  can  be  properly  reconstructed. 

Consider  next  the  process  by  which  a macro- 
scopic polarization  builds  up  in  an  initially  in- 
verted system  (the  two  adjacent  rotational  level 
of  interest  in  the  HF  i - I level).  In  the  Bloch 
formalism  " for  a point  sample,  a totally  invert' d 
system  corresponds  to  a vector  pointing  straight 
up,  analogous  to  a rigid  pendulum  balanced  exai  tly 
on  end.  Similarly,  our  initially  inverted  extend  d 
medium  corresponds  to  a spatial  distribution  of 
Itloch  vectors  all  pointing  straight  up.  The  in- 
dividual Hloch  vectors  of  the  extended  medium, 
which  are  coujiled  together  via  the  common  radi- 
ation field,  may  evolve  differently  owing  to  propa- 
gation effects 

Just  as  the  pendulum  is  unstable  to  small  fluctu- 
ations, so  the  excited  molecular  system  is  un- 
stable to  a small  perturbing  field,  initialed  by 
spontaneous  emission  from  one  of  the  excited 
molecules  or  by  background  thermal  radiation. 

This  weak  propagating  electric  field  induces  a 
small  macroscopic  polarization  in  the  medium, 
which  acts  as  a source  to  create  additional  clec'ric 
field  in  the  medium  which,  in  turn,  produces  n:  .re 
polarization.  This  regenerative  process  gives 
rise  to  a growing  electric  field  .uid  an  increase  ; 
polarization  throughout  the  medium  [Fig.  3(a)|. 
Therefore,  a superradiant  state  slowly  evolves 
over  a sizable  portion  of  the  sanijjJe  cell.1'  Thu 
state  corresponds  to  the  Itloch  vectors  pointing 
sideways  over  a sizable  region  of  space,  at  which 
time  radiation  is  emitted  at  a greatly  enhanced 
rate.  This  process  leads  to  a rapid  deexcitation  of 
that  region  of  the  medium,  after  which  essentially 
all  Of  the  population  is  in  the  lower  level,  I.*'.,  the 
Bloch  vectors  all  point  downward  llei  xciled  r>  - 
gions  can  then  tie  reexciled  l>v  radiation  from  o tier 
regions,  which  gives  rise  to  the  “ringing"  observed 
in  the  output  radiation. 

Figure  3 plots  the  polarization  enveloped’  and 
the  population  inversion  density  ri,  respective!:.  . 
throughout  the  sample  at  several  inst.ints  of  time. 
These  values  have  been  calculated  from  a theoieti- 
cal  model  (developed  in  the  following  sections) 
based  on  the  intuitive  picture  presented  above. 

-Notice  that.)’  and  « vary  slowly  in  space  and  time 
throughout  the  medium,  giving  rise  to  several 
regions  of  locally  uniform  polarization.  These- 


lit) 


(b) 

FIG.  3.  Sketch  of  (a)  the  polarization  envelope  ■(  and 
(b)  ’.he  population  inversion  density  n in  the  medium  as 
functions  of  * at  t ' \0TR , 100TR  , 1507„ , and2007R. 

The  corresponding  out[iut  intensity  pnt'.rrn  is  shown  at 
the  right  of  (a).  The  double  peaks  ini'  (<>  occur  when- 
ever the  ringing  is  sufficiently  large  (Kef.  40). 

spatial  variations  in  S’  and  « arc  due  to  propaga- 
tion effects  in  a high-gain  medium,  a crucial  point 
which  was  not  appreciated  in  some  earlier  work. 
The  ringing  in  the  output  radiation  (Fig.  3)  is  a 
direct  consequence  of  these  spatial  variations  (see 
Sec.  VI). 

The  time  evolution  of  Iho  radiation  emitted  by  an 
initially  inverted  system  depends  on  many  factors, 
including  broadening,  diffraction  loss,  and  level 
degeneracy.  However,  as  shown  in  Sec.  V,  in  a 
high-gain  system  the  major  features  of  the  output 
radiation  pulse  are  determined  by  TK  and  the  loga- 
rithm of  0„  (described  below),  and  a normalized 
curve  can  be  drawn  which  gives  the  output  intensity 
/ (T)  multiplied  by  Tj,  as  a function  of  time  in  units 
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of  T K (T  is  the  retarded  time  at  the  end  of  the 
sample).  This  curve  (Fit;  4)  depicts  a burst  • f 
radiation  with  ringing  preceded  by  a long  dela. 
The  scaling  of  the  curve  is  such  that  when  Th  : 
halved,  the  system  radiates  twice  as  fast  and  ' 
peak  intensity  is  quadrupled.  This  curve  exlii' 
the  .V2  intensity  dependence  which  is  charactei 
of  superradianl  emission,  since  the  peak  inte 
is  proportional  to  1 and  TR  is  proportional  t 
S'1.  Experimental  data  exhibiting  this  scalin 
given  in  Itef.  15 

The  shape  of  this  curve  depends  on  f1,,.  a par, 
eter  which  is  a measure  of  the  conditions  whi<  I 
initiate  the  superradianl  pulse  (Eq.  (20)  below 
Whenever  the  delay  time  T0  from  the  i i 

of  inversion  to  the  peak  of  the  first  lobe  of  en  i 
radiation  is  much  greater  th.m  /„.  This  long 
time  may  be  understood  by  considering  a pen' 
which  is  initially  balanced  exactly  on  end.  Tin- 
required  for  the  pendulum  to  fall  following  a 1 : 
perturbation  can  be  much  longer  than  the  osci! 
tion  period.  In  an  analogous  manner,  the  time 
necessary  for  the  completely  inverted  system  i 
develop  a macroscopic  polarization  can  be  nr  •' 
longer  than  the  collective  radiation  time  l'„  I 
point  will  be  discussed  in  Sec.  VI. 

In  the  experiments,  superradiant  pulses  ar 
served  simultaneously  in  both  the  forward  an  . 
backward  directions  with  respect  to  the  popul. 
inverting  laser  pulse.  This  coincs  about  bcca  i 
in  the  HF  system  the  transit  time  through  th< 
sample  cell  is  short  compared  to  the  time  nc.  c 
for  the  system  to  superradiate  (~70),  so  that  t 
electromagnetic  waves  c.ui  grow  ui  both  direct 
simultaneously  w ithout  interacting'  appreciably 


’w1  r 


i, 


HC.  4.  Normalized  output  curve.  This  curve  i the 
output  response  to  a small  reetangular  input  puls«  of 
area  in  a nondegenerate  system  where  7V  T2  and 
kL  0.  The  time  scales  as  TR  and  the  intensity  sc  des 
as  7(J*.  Note  tha!  the  sha|»  of  the  normalized  out.  -it 
curve  d<  |>ends  on  n?  It  . 7n.  aod  7„  can  all  be  c.’. 
pressisl  in  terms  of  Tk  and  #0  (see  Sec  VII 


during  most  of  the  pulse  evolution  time.  (Long 
transit  times  and  different  excitation  configurations 
are  discussed  in  Sec.  VI  and  Ref.  26.)  This  is  so 
because  in  order  for  the  waves  to  interact,  either 
(l)  they  must  become  large  in  the  same  region  of 
the  medium  at  the  same  time,  so  that  the  coherent 
interactions  which  couple  the  forward  and  backw  ard 
waves  become  important,  or  (it)  the  population 
depletion  by  one  wave  must  affect  the  subsequent 
growth  of  the  other  wave.  The  former  effect  is 
negligible  because  the  buildup  of  polarization  of  a 
given  wave  is  confined  to  one  end  of  the  medium 
until  well  after  the  main  pulse  has  already  been 
emitted  [- 150  7 K,  Fig.  3(a) J . The  latter  effect  is 
negligible  because  each  wave  depletes  the  popu- 
lation inversion  primarily  at  one  end  of  the  medi- 
um | Fig.  3(b)).  An  iterative  computer  solution 
using  the  theoretical  model  shows  that  the  growth 
of  each  wave  is  almost  completely  unaffacted  by 
the  population  depletion  caused  by  the  other  wave 
We  therefore  conclude  that  (or  systems  with  small 
transit  time  the  two  waves  will  radiate  essentially 
independently  without  significant  correlation,  and 
henceforth,  we  will  only  deal  with  the  forward 
traveling  wave.  A discussion  of  the  interaction  of 
forward  and  backward  waves  in  systems  w ith  long 
transit  times  will  be  found  in  Ref.  26. 

IV  THEORETICAL  MODI.1  Will!  I'OL  AK1/  AT  ION  SOURCE 
A.  Introdui  lion 

In  numerous  treatment  of  sepcrrndiance  the 
radiation  field  is  quantized  and  the  molecular  sys- 
tem is  described  in  terms  of  collective  Hicke 
states. 7*12,17* 20  As  pointed  out  by  Arecchi.  Cour- 
tens,  Gilmore,  and  Thomas,2'’  these  states  can  be 
used  to  construct  a new  set  of  states,  Bloch  states, 
which  also  describe  superradiant  ensembles. 

These  new  states  can  be  treated  by  means  of  the 
semiclassica)  formalism  (coupled  M ax-wcll - 
Schrixlingcr  equations),  in  which  the  molecular 
system  is  quantized  but  the  electromagnetic  field 
is  treated  classically. 

One  shortcoming  of  the  Maxwell-Schrodinger 
equations  as  they  are  usually  written12  is  dint 
there  is  no  mechanism  for  sjxjntajieous  emission, 
so  that  an  initially  inverted  system  (such  as  in  the 
HF  experiment)  cannot  evolve/2  This  problem 
can  be  overcome  by  adding  a phenomenological 
fluctuating  polarization  source  term  to  simulate 
the  effect  of  spontaneous  emission.  This  term 
can  be  constructed  to  be  consistent  with  require- 
ments of  thermal  equilibrium  as  well  as  energy 
and  number  conservation. 

Let  us  consider  In  more  detail  the  initial  stage 
of  the  evolution  of  an  inverted  system  to  a super- 
radiant  state.  At  first  the  system  undergoes  spon- 
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taneous  emission  in  various  directions  at  random 
times.  Eventually  a photon  is  emitted  along  the 
axis  of  the  sample  cell,  leading  to  the  excitation  of 
one  of  the  modes  of  the  inverted  medium.  In  the 
case  of  large  Fresnel  number  (disk)  this  mode 
subtends  a solid  angle  Jul  = A '/A  [Eq.  (1)),  de- 
termined by  diffraction.  The  average  number  ol 
photons  emitted  into  this  mode  in  a time  l is  equal 
to  CV/7'„ ) (A:/  4ii.-V)i  - 2 l/TR,  so  that  the  first  pho- 
ton is  emitted  into  the  diffraction  mode  in  a time 
of  order  T„.  u Therefore,  at  times  greater  than 
Tk  there  will  be  many  photons  per  mode,  so  thal 
the  radiation  field  can  be  treated  classically. 

Note  that  up  to  time  ~TM,  when  the  medium  is 
starting  to  evolve,  the  number  of  photons  per  node 
1 h small  ;ui'l  one  can  question  the  validity  of  the 
scmirlassical  model  w ith  polarization  source  term 
included.  However,  in  the  present  problem,  in 
which  an  initially  unstable  system  is  subjected  to 
small  perturbations,  this  model  is  a good  approxi- 
mation. To  justify  this  conclusion,  we  note  the 
following; 

(l)  Comjjuter  results  (Sec.  V)  obtained  from  this 
model  show;  that  the  superradiant  output  of  the  ini- 
tially inverted  system  is  insensitive  to  the  spe- 
cific form  of  the  source  fluctuations,  depending 
only  on  their  sum  over  a time  “TV  This  is  eas. 
to  understand  in  terms  of  the  pendulum  analogy 
presented  previously:  For  a system  m an  unstable 
initial  state,  the  response  to  a rapid  series  of 
small  destabilizing  forces  depends  only  on  the  sum 
of  these  forces  over  a period  of  time  (here,  ~T k) 
and  no’  on  the  form  of  the  individual  forces. 

(ii)  The  numerical  results  also  show  that  the 
contribution  of  the  polarization  source  term  to  the 
evolution  of  the  system  becomes  negligible  for 
times  larger  than  ~TH.  This  can  be  understood 
by  using  Eq  (47)  below  to  show  that  the  time  nec- 
essary for  the  output  resulting  from  a small  input 
pulse  to  berome  much  larger  than  the  input  pubs 
itself  is  of  order  T„.  Therefore,  for  times  greater 
than  T„,  the  input  pulse  and,  accordingly,  the 
polarization  source  which  gives  rise  to  it,  no  linger 
significantly  influences  the  output  behavior.  (It 
will  be  shown  in  Sec.  IV D that  the  polarization 
source  of  this  model  can  be  accurately  approxi- 
mated by  an  equivalent  input  pulse.) 

Since  the  output  radiation  becomes  independent 
of  the  polarization  source  after  a time  ~T R follow- 
ing the  inversion  of  the  medium,  phase  fluctu.lti  ins 
associated  with  sjiontaneous  emission  at  subsequent 
times  will  have  little  effect  on  the  output  radiation. 

In  other  word;.,  the  first  photon  emitted  into  the 
diffraction  mode  initiates  (lie  evolution  of  the  sys- 
tem, and  phase  fluctuations  associated  with  sub- 
sequent spontaneous-emission  events  arc  unim- 
portant. In  effect,  the  first  photon  determines 


the  phase  of  the  output  radiation. 

(iii)  The  delay  time  between  the  inversion  of  the 
medium  and  the  peak  of  the  superradiant  output 
pulse,  which  is  of  the  order  of  100  TK  in  the  HF 
experiments  [see  Eq.  (4Sp [,  is  not  sensitive  to  the 
fluctuations  of  the  spontaneous  emission  which 
initiates  the  superradiar.t  process.  This  is  so 
because  the  fluctuation  time  before  the  first  photon 
is  emitted  into  the  diffraction  mode  is  of  order  TR. 
This  time  is  only  ~1X  of  the  delay  time  in  HF,  and 
can  be  ignored  in  calculating  the  delay  time. 

This  explains  why  the  scniiclassical  formalism 
w ith  a fluctuating  polarization  source  included 
gives  a good  description  of  the  evolution  of  a super- 
radiant  state  in  an  initially  inverted  medium. 

B.  Coupled  Maxwell  Schrodineer  equations 

Adopting  the  scniiclassical  formalism,  we  con- 
sider a gas  of  two-level  molecules  interacting  with 
an  electromagnetic  wave.  As  in  the  discussion 
following  Eq.  (1),  we  confine  our  attention  to  a 
system  of  large  Fresnel  number  (disk-shaped 
system)  where  the  electromagnetic  field  can  be 
approximated  by  a plane  wave.  In  this  limit  the 
two-level  system  is  described  by  the  coupled  Nlax- 
well-Schrodmger  equations  given  by  many  au- 
thors.22"3,,-w’4'’  We  shall  adopt  notation  similar 
to  that  of  lesevgi  and  Lamb,2*  extended  »o  include 
level  degeneracy,  as  is  necessary  in  treating  ro- 
tational transitions  of  a molecular  system,  and  the 
polarization  source  described  previously  The 
coupled  equations  in  the  slowly-vary mg-envelope 
approximation,  written  in  complex  form,  are 

— = -kS  *2irk  y y , (11a) 

ax  x-> 

— ^ = -(y  —ikv)(P  4 +A,,  (lib) 

0 1 

-2-  = A -yn-(l//i)Rc(SiP*).  (11c) 

a T 

Here  S(x,  T)  and  iT(x , T,  r,M ) are  the  slow  !.,  vary- 
ing envelopes  of  the  electric  field  E(r.i)  and  the 
polarization  density  per  velocity  interval  di , 
P(r,/,t»,A/),  respectively.  They  are  defined  by 

2(r, /)  =i£(x,f)  -2  Re|5(x,7’)c,u°,'*r,Jf  (12) 

P(r,f,ti,Af)  -zP(x,l,  v,M) 

=z  He[i<P(x,  T,  t/,A/)e<<u°'’H)J , 

(13) 

at  position  x,  time  I,  and  retarded  time  T = f -x/c. 
The  carrier  frequency  is  assumed  to  be  the  molec- 
ular center  frequency  w0  with  no  loss  of  generality. 
Note  that  S and  4’  arc  complex,  and  that  <S(x,  T) 

= I S(x,T)  | e‘l  where  $(v,  7")  is  a slowly  varying 
real  phase.  In  these  equations,  n(x,  T,  v,M ) 
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= n2  -n„  where  n2  and  n,  are  the  number  densr.ies 
per  velocity  interval  <li  of  molecules  in  the  upper 
and  lower  states  ( J,M ) of  the  superradiant  transi- 
tion, respectively;  x is  a loss  term  which  accounts 
for  diffraction  (see  Sec.  V),  which  can  be  a fui  c- 
tion  of  x but  not  of  5 ; and  y is  the  decay  rate  of 
n,,  and  , assumed  equal  for  simplicity  (1  e., 

T,  = T2  = y"'  ).48  A ; A(z  , T,M)  U'(i  ) is  a source  :erm 
describing  the  rate  of  production  of  n,  due  to  opti- 
cal pumping  in  our  case,  where  H’(i ) is  the  dis- 
tribution of  molecular  velocities,  normalized  io 
unity  [ Eq.  ( 1 5)  J.  ,M)  is  the  polar izai  ion 

source  term  describing  the  rate  of  production  of 
<p  due  to  spontaneous  emission.  The  exact  form  is 
discussed  in  Fee.  IV  C.  The  symbol  £».  „ denotes 
an  irtegral  over  the  velocity  distribution  and  a 
sum  over  degenerate  M states  of  the  rotational 
levels: 

£/('  ,. U)‘J  Uv  Y,  00 

u.  M »>-/ 

In  the  experiments  the  optical  pumping  process 
produces  excited  molecules  ui  the  upper  level  of 
an  initially  unpopulated  two-level  svst cm  (F'ig  1) 
with  a Lorentzion  velocity  distribution,41 

VV(i’)  -ul/v(\  2 ♦ «l)  , (15) 

where 

u^nfS,/hk,.  (16) 

Here  kt  is  the  wave  number  and  n,  the  matrix 
element  of  the  pump  transition,  and  S,  is  the 
amplitude  of  the  intense  pump  field.  In  II % 
14,-10'  cm/sec.  The  total  number  density  of  ex- 
cited molecules  in  all  Al,  states  is  then  (for  U 
branch  pumping) 

(17) 

(18) 

where  nc  is  the  total  number  of  molecules  in  ihc 
rotational  level  (of  the  v =0  vibrational  state)  which 
is  being  pumped. 5,1 

Although  the  growth  of  the  electric  field  in  'he 
medium  does  not  follow  simple  exponential  g un, 
the  time  integral  of  the  electric  field  obeys  an 
exponential  law,  the  area  theorem.44  Tins  st  ites 
that  for  a nondegenerate  Doppler -broadened  < ol- 
lisionlcss  system  subjected  to  an  incident  field 
Six  = 0,1)  of  constant  phase,  the  pulse  area  0(0 
obeys  the  equation 

tanXOMtanidJc"0*  , (19) 


nT  - y njv.M)  , 


nTa  nTit=°) 


‘f.fA  'h  X 

2 V If.  u/Jn  J 


e(x)x  j six.Ddt,  (20) 

90  - 6(x  = 0),  and  o0  is  the  small  signal  field  gain 
at  the  molecular  center  frequency  u>„.  For  a sys- 
tem whose  linewidth  contains  both  homogeneous 
and  inhomogeneous  contributions, 

a0L  =2ut(pJ/)i)«roLTj,  (21) 

where  nTo  is  the  initial  total  inversion  density.  In 
the  Doppler-broadened  limit,  which  applies  m the 
HF  system,  the  characteristic  broadening  time 
T’2=T£  - 1 /kit , . [Note  that  in  our  case,  kux  is  an 
effective  Doppler  width,  given  by  Eq.  (16)  above.] 
Combining  Eqs.  (C)  and  (21)  gives  the  relationship4’ 

a0L  =T',/Tr,  (22) 

so  that  aaL  is  independent  of  the  pump  field  in- 
tensity I. 

Equation  (19)  shows  that  ui  a high-gain  medium 
the  area  of  a pulse  of  sm.dl  initial  area  begins  to 
grow  exponentially , 

e(x)  = 0oea°\  (23) 

but  tfien  evolves  towards  in  this  process  the 
field  envelope  may  develop  positive  and  negative 
lobes  (ringing)  whose  contributions  to  the  area 
substantially  cancel  one  another.  Accordingly,  in 
a high-gain  system  the  pulse  energy  continues  to 
grow  even  though  the  area  lemains  constant. 

The  presence  of  level  degeneracy  does  not  in- 
validate this  conclusion,  although  level  degeneracy 
can  inhibit  pulse  propagation  in  an  absorber.  The 
considerations  of  Rhodes,  Fzrjke,  and  Javan ap- 
plied to  an  amplifier  show  that  level  degeneracy 
does  not  prevent  pulse  formation,  and  that  pulses 
of  increasing  energy  art!  area  near  r can  evolve. 

High  gain  [aaL  » 1)  is  necessary  for  super:  adi- 
a nee  to  occur.  This  condition  is  equivalent  | Eq. 

(22)1  to  7'„<-  T'„  which  is  necessary  so  Uiat  col- 
lective radiation  can  occur  rapidly  with  respect  to 
incoherent  decay.  The  requirement  ar0f-»l  also 
ensures  that  cr„L  _|  ln”0l,  so  that  a a pulse  will 
evolve  l Kq.  (19)].  The  high-gain  condition  will  be 
discussed  further  in  Fee.  Vll. 

C.  Polarization  source 

As  discussed  earlier,  the  superradiant  evolution 
process  is  initiated  by  spontaneous  emission  from 
the  excited  molecules  and  by  background  thermal 
radiation.  In  our  model  spontaneous  emission  is 
simulated  by  a randomly  phased  polarization  source 
term  A,  which  is  distributed  throughout  the  medi- 
um. As  is  shown  below,  although  A,  is  essential 
for  initiating  the  growth  of  S . as  the  S field  evolves 
in  a high-gain  system  the  influence  of  A,  soon  be- 
comes unimportant.  Therefore,  to  calculate  the 
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amplitude  of  A,  for  a high-gain  system,  we  consider 
the  contribution  of  A,  to  the  prowth  of  u only  durmp 
the  first  stape  of  pulse  evolution,  when  S is  sVnall 
and  the  field  produced  by  A,  is  sizable  compared  to 
the  field  already  present. 

The  amplitude  of  .\f  will  be  calculated  in  the 
following  manner:  First,  starting  from  the  cou- 
pled Maxwell-Schrcidinger  equations,  specialized 
to  the  case  of  weak  field  and  steady  state,  we  ob 
tain  an  equation  for  the  intensity  / (x)  as  a function 
of  the  amplitude  of  ,\p.  This  equation  is  then  com- 
pared to  an  intensity  equation  derived  from  thermal 
equilibrium  considerations  which  also  holds  for 
linear  steady-state  systems.  Since  these  two 
equations  are  of  the  same  form,  we  can  evaluate 
the  amplitude  of  A,  in  terms  of  the  molecular 
parameters  of  the  system.  The  resulting  expres 


A,  b,T,v,U)=B,  [«,(*,  r,r,Af)]l/2£6(x  ~xt) 


Sion  for  \p,  which  is  not  a function  of  dynamical 
variables,  can  be  used  in  the  coupled  Maxwell- 
Schrodincer  equations  to  describe  a system  not 
at  thermal  equilibrium. 

We  consider  the  medium  to  be  divided  into  small 
regions  of  volume  Aa.v  (Ax«L),  and  time  into 
intervals  Af  <TP.  Since  the  spontaneous- emission 
intensity  is  proportional  to  n2(x,t)  and  otherwise 
depends  only  on  molecular  constants  (except  for 
a linewidth-narrowing  effect  in  high-gain  systems, 
described  below),  i\f  is  proportional  to  («2)1/J. 

We  choose  the  form  of  A,  tobc- a series  of  pulses  in 
space  and  time  with  constant  amplitude51  (except 
for  the  n2  dependence)  and  random  phases.52  It 
is  convenient  to  evaluate  ,\p  at  points  separated  by 
Ax  in  space  and  AT  in  retarded  time.  Then  A,  will 
be  of  the  form 


£ 6(T-T,)£  (24) 

i-  - - *=i 


where  ft,  is  a (real)  constant  to  bo  determined, 

Xj  = ()  - ()ax . A x -l./j.  T , 1ST.  rt  are  k'  disc  retc 
velocities,'1  and  .ere  independent  random 

phases. 

We  consider  the  case  where  n and  6 are  inde- 
pendent, 6 is  very  slowly  varying  in  time  (0 /o  /’ 
«y6),  '4  and  n is  near  a constant  value  and  is 
very  slowly  varying  in  space  and  time  (on/d  T 
vy n,  Un/i)  x "yn/c).  Such  a system  is  linear 

and  nearly  steady  state  («-«,,).  As  shown  in  Ap- 
pendix A,  the  coupled  M.ixwell-Schrodinper  equa- 
tions (f.’qs.  (11a)  and  (Ub)j  for  such  a system  may 
be  integrated  to  give  an  intensity  gain  equation 

/(x)  = /(x  = Q)e2a°'  a A'u(e2a«'  - 1) , (25) 

where  a0  is  the  gain  of  the  system  at  the  molecular 
center  frequency  w0.  /(x)  =c/t  I S(x)\2/Bn  is  the 
power  at  position  x,  and 

A - ? A/f;-^pJ(l-e-^^<■■s’)■,.  (26) 

0 4 r A 1 

Equation  (26)  holds  for  any  linear  steady-state 
system,  independent  of  the  sign  and  magnitude  of 
the  gain. 

We  require  that  Eq.  (25)  be  consistent  with  the 
Einstein  intensity  equation, ,-,v’  which  states  tha' 
throughout  Die  active  region  of  any  linear  stead’.  - 
state  medium,  the  total  energy  per  mode /„(x) 
must  satisfy  the  equation 

<27» 

where  or(ui)  is  the  gain  at  frequency  o>.  [ Note  that 


Eq.  (27)  is  consistent  with  the  requirements  of 
thermal  equilibrium,  since  when  fL,(x)  -hui/ic''  ,/tT 
-1)  and  n2=ulc~l"‘AT,  Eq.  (27)  simplifies  to 
dlu,(x)/dx  -0.)  To  compare  Eq.  (27)  with  Eq.  (25), 
Eq.  (27)  must  be  rewritten  in  terms  of  the  power 
per  unit  frequency  interval  /(a’,.v)  in  the  plane- 
wave  direction.  As  shown  in  Appendix  n,  for  a 
system  with  Fresnel  number  not  signficantly  less 
than  unity,  Eq.  (27)  becomes 


9/(u>,x) 

ax 


2a(u>)  (l 


I(u>,x)  ■ 


l‘~'  \ 

4x  n2-nl) 


(28) 


The  integration  of  Eq.  (28)  in  a high-gain  (o  L 
»1)  linear  steady-state  system  with  finite  band- 
width is  performed  in  Appendix  C.  In  such  a system 
the  linewidth  of  I(uj,x)  decreases  as  o0x  increases 
("gain  narrowing").  For  a high-gain  system  in- 
teracting with  a broadband  field  of  input  bandwidth 
(v/2a0L)l/2  centered  at  frequency 
(where  1/7"  is  the  bandwidth  of  the  gain  profile), 
the  total  output  power  / (v  = /. ) can  be  obtained  by 
integrating  Eq.  (28)  as  in  Appendix  C: 


f(x  = L)-  j 


l(u),x  = L)dui 


(/(w0,x  =0)  + 


hu> 


4t 


(rj)” 


(29) 


Wc  can  compare  this  result  with  the  high-gain 
limit  (elao*»l)  of  Eq.  (25)  to  obtain5* 
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/(*  =0)  =/(u>01A'  =0)  lT’2)~l('n/2a0L) 


1/2 


and 


A°'  » 2'  \2a0L)  47  ' 


a high-gain  system  in  order  to  be  consistent  v.  dh 
the  Einstein  equation.  Equation  (30)  can  be  ri  - 
written  in  the  form 

I(x  =0)=/(u>0.\  = 0)(Au>)„,  , (32) 

where  (a.|„  1 (V(),!f  = (7',)’ 1 (!f/2«0L)l/:!  is  the 

mathematically  derived  effective  bandwidth  of  the 
input  radiation  which  interacts  with  the  gain  pro- 
file of  the  high-gam  system.  This  gain-narri  ving 
effect  can  be  explained  physically  by  noting  tl  it  in 
the  early  stages  of  grow  tip  a high-gain  system 
preferentially  amplifies  the  central  portion  ol  the 
frequency  profile. 

Inserting  Eq.  (31)  into  (20),  we  obtain  /{,,  and  if 
Ax  is  chosen  such  that  o„Ax  -.1  (as  in  the  case  of 
our  computer  program),  Eq.  (24)  becomes  " 


(30) 

*=o,  r)l 

or,  equivalently, 

(31) 

1 <S  1 2 

87  c**0'*  - 

•0) 

.■  for 

A 2 

x — 

«u)o 

47 


Aui,n 

’-o  /kT  - 1 


(34) 


27  (u^/27  y 


(35) 

n*/i  £.u\m 

The  factors  on  the  right-hand  side  of  Eq.  (33)  are, 
respectively,  the  background  thermal  radiation 
energy  per  mode,  the  number  of  modes  of  one 
polarization  per  unit  value  per  frequency  inter- 
val ii/,  the  solid  angle  factor  j , and  the  gain-de- 
pendent effective  bandwidth  (in  units  of  Av).  Using 
this  value  of  | S(x  -0,  7 ) | as  an  input  boundary  con- 
dition, and  using  Kq.  (33)  for  \p,  Eqs.  (11)  can  be 
numerically  integrated  to  obtain  Uio  output  radi- 
ation intensity.  Examples  of  these  computer  re- 
sults arc  given  in  Etgs.  3 and  5. 

Alternatively,  spontaneous  emission  m a high- 
gain  system  can  be  described  by  replacing  the 
distributed  polarization  source  by  an  •‘equivalent’' 


A,(x,7>,A/) 

„ ax_3a/.\,^/_pA 

V T'  L (27o„7-)>/-/  \A  f 

x £ US  6(x  “ xi)  6(T  ~ T>)  6("  - l’»)  • 

i i * 

(33) 

Note  that  A,  is  proportional  to  p,  and  depend  . on 
the  total  number  of  excited  molecules  »i  ,.lAx  \T 
associated  with  one  point  in  the  space-time  grid; 
the  square-root  dependence  occurs  because  the 
radiation  from  independent  spontaneous -emission 
events  adds  incoherently. 


D Blackbody  radiation  and  “equivalent  input  field 

In  the  computer  model  background  thermal  radi- 
ation is  simulated  by  an  input  field  of  randomly 
fluctuating  phase,  the  intensity  of  which  depends 
on  the  bandwidth  and  the  solid  angle  of  the  iigiut 
radiation  which  interacts  with  the  system.  1 he 
result  of  Appendix  B can  be  used  to  convert  the 
blackbody  power  per  mode  I (v  =0)  - fiui/(cr'  *r 
-1)  to  the  plane-wave  blackbody  power  per  i nit 
frequency  interval  /(ui.  t = 0)  - (/i(i»/4n)/(c*'/*  -1). 
As  described  strove,  the  effective  bandwidth  of 
radiation  which  interacts  with  a high-gain  si  stem 
is&ui'M  (7/2i»„ /.) 1/2  T\  (see  Appendix  C),  so  that 
Uie  total  input  power  which  must  be  used  in  order 
to  corriTtly  apply  Eq.  (25)  to  Uiis  case  is 


t 

I 

k—  - 


r(«»etl 


E'IC.  5.  Computer  results  showing  the  influence  of 
parameters  on  ouqxiC  intensity.  The  same  intensity 
scale  is  used  throughout,  (a)  A theoretical  fit  with  param- 
eters T„-C.l  nsec,  Tj  -;130  nsec,  7V-5.4  nsec,  «/. 

-2.5 ,J  i„«t,-2.  All  parameters  have  the  same  values 
as  in  this  curve  except  when  stated  otherwise,  ib)  No 
level  degeneracy,  7\-  Tj=,r>,  kL~  0.  (c)  T ,-•*>.  <dl 
TJ  =-.  (e)  * L - 0 . (1)  x L = 5.  (g)  No  level  degeneracy. 
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mput  electric  field.  The  input  field  (of  constant 
amplitude)  which  would  produce  the  same  output 
intensity  as  the  distributed  source  (see  Appendix 
C)  for  a high-gain  system,  which  combines  the 
contributions  of  blackbodv  radiation  ]Eq.  (34)J  ana 
spontaneous  emission,  is''8 


^l5,„(x-o,  r)|J 


* 




4>  (2aQL/M)lfl 


hua  1 

2/./i  (2c 0 /.)'/> 


( 

( 


n2 

»2  -«i 


(rW»'_  j)-ij 
(e"Lo/*r-  I)'1 


(36! 


The  validity  of  the  " equivalent-input”  approxima- 
tion can  be  understood  bv  noting  that  in  a high- 
gain  system  the  spontaneous  emission  which  oc- 
curs near  the  input  face  is  most  important  m ini- 
tiating the  superradiant  evolution  process.  Al- 
though all  of  the  output  radiation  curves  in  this 
paper  (ai.d  in  Kef.  15)  were  fitted  using  the  distribu- 
ted -polarization -source  model,  essentially  iden- 
tical computer  curves  are  obtained  usini;  the  rqui- 
valent-input-fielil  approximation.  This  finding 
strongly  supports  the  validity  of  the  equivalcnt- 
'ield  approach  and  confirms  the  interpretation  and 
malaysis  of  Hof.  6. 

Since  the  distributed  source  can  be  replaced  by 
an  effective  input  field  and  since  phase  fluctuations 
in  the  input  field  do  not  significantly  affect  the 
computer  curves  (as  explained  in  Sec.  IV' A and 
verified  by  the  computer  results  of  Sec.  V below), 
the  results  of  the  area  theorem  | Eq.  (19))  may  be 
used  for  a qualitative  understanding  of  the  behavior 
of  the  system.***  This  maxes  it  possible  to  derive 
an  effective  input  area  0„,  which  can  be  used  in  the 
area  theorem  and  for  obtaining  simple  analytical 
expressions  for  the  delay  time,  pulse  width,  and 
peak  intensity  (Sec.  VI).  Owing  to  the  exponential 
nature  of  the  growth  of  the  arca{Eq.  (19)|,  tho 
parameter  which  enters  ,nto  these  expressions 
is  a logarithmic  function  of  0„.  Because  I ln0o|»l, 
the  expressions  are  insensitive  to  the  exact  nu- 
merical coefficient  of  0„. 

As  stated  earlier,  the  influence  of  the  effective 
input  field  on  the  evolution  ol  the  superradiant 
state  is  only  significant  for  a short  time  after  the 
system  is  pumped  into  excitation,  and  since  the 
output  field  more  til  an  doubles  in  a time  lH  after 
cxeitation  |Rq.  (4 7) j . the  ui|>ut  field  can  be  ignored 
after  a time  T Hie  ref  ore,  to  a good  approxi- 

mation, 

rm/h  (37) 

an  be  chosen  to  be  the  area  of  the  effective  input 


pulse.  Combining  Eqs.  (3),  (4),  and  (36)  with  this 
expression  yields’’ 


(o.  L)-*» 


*-»/*'_  i)- 


(38) 


For  our  system,  0o-lO‘*,  and  in  order  for  the 
output  to  evolve  to  a pulse  of  area  -i,  a0L  [Eq. 
(19)]  must  be  «:20.  This  is  readily  achieved  in 
the  experiments. 


V NUMERICAL  RESUITS 

The  coupled  Maxwell -Schrodinger  equations  [Eqs. 
(11))  have  been  integrated  by  computer,  with  level 
degeneracy  taken  into  account  in  pump  and  super- 
radiant  transitions.  Computer-generated  curves 
obtained  using  input  conditions  appropriate  for  the 
HF  case1*-15  arc  in  pood  agreement  w ith  experi- 
mental results.  For  example,  decreasing  the 
sample  cell  pressure  or  pump  intensity  reduces 
the  output  intensity  and  increases  the  delay  time 
and  the  width  of  the  output  pulse.  A detailed  com- 
parison of  theory  and  experiment  can  be  found  in 
Kef.  15. 

The  following  general  features  arc  evident  from 
the  numerical  results,  and  confirm  the  qualitative 
statements  of  Secs.  Ill  and  IV: 

(i)  llie  effects  of  relaxation  are  unimportant  as 
long  as  the  homogeneous  relaxation  time  T 2 exceeds 
the  pulse  delay  TD.  When  T2  becomes  comparable 
to  T0  the  pulses  are  reduced  in  size  and  the  ringing 
is  cut  down.  At  the  mTorr  pressures  of  the  ex- 
periments 7'j,  determined  by  collisions,  is  always 
much  longer  than  Te. 

(ii)  The  influence  of  the  polarization  source  A, 
is  limited  to  the  first  few  T„'&.  In  addition,  the 
output  is  unchanged  when  the  polarization  source 

[ Eq.  (33)]  is  replaced  by  an  input  field  whose  amp- 
litude is  given  by  Eq.  (36).  This  verifies  the  ef- 
fective input-field  approximation  presented  in  Sec. 

IV  D and  the  value  of  given  by  Eq.  (36). 

(iii)  The  effect  of  a weak  input  field  (to  simulate 
blackbody  radiation)  is  limited  to  the  first  few 
T„’s.  The  output  is  insensitive  to  the  exact  shape 
and  phase  of  the  input  field.  Delta  function,  step 
function,  Gaussian  pulses,  and  pulse  trains  of 
varying  phase  all  give  output  pulses  of  about  the 
-same  shape  and  size,  as  long  as  their  input  areas 
are  equal.  Also,  the  presence  of  random  jumps 
in  the  phase  of  the  input  field  has  no  significant 
effect  on  the  output  pulses. 

(iv)  The  area  of  the  output  pulse  is  determined 
by  the  gain  a0l.  and  the  size  of  the  input  pulse  0OI 
in  accordance  with  the  area  theorem  [ Eq.  (19)J. 

Since  in  our  case  0„~  10"*,  atL^ 20  is  needed  for 
appreciable  pulse  buildup.  Such  gains  are  available 
in  HF  at  mTorr  pressure. 
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(v)  The  time  scale  of  the  pulse  evolution  process 
(i.e.,  delays,  pulse  shapes)  is  almost  complet'  ly 
determined  bv  7,  .ind  as  long  as  a0L»\. 

(vi)  The  output  pulses  are  insensitive  to  the 
specific  time  dependence  of  the  population  excita- 
tion This  is  true  (or  excitation  pulses  of  dur  tion 
approaching  the  supe  rradiant  pulse  delay  (Kl  ccts 
of  longer  excitation  pulses  are  discussed  in  !<■  I. 

26.) 

(vii)  Two  forms  of  the  loss  coefficient  x | Eq 

( 1 la)]  might  be  import. uit  under  different  cxpi  i- 
mental  conditions:  the  case  of  linear  (const. u •) 
k,  as  was  used  ui  Hof.  24  and  our  previous  work**"; 
and  the  case  of  diffraction  loss,  where  the  pi.  ie- 
wave  S field  can  be  modeled  as  a Gaussian  bi  .m. 
in  which  case  x - » W*W.,5),  with  i0  -.AA.*1  For 
the  same  value  of  the  total  loss  (kL  in  the  Jin'  ir- 
loss  case;  (idi  In [ 1 ♦ (At. /A)'  ) in  the  Gau  si.ui- 
beam  case),  the  two  models  f ive  virtually  identical 
output  pulses. 

(vm)  Replacing  each  of  the  different  matrix 
elements  ((it)„  in  a degenerate  system  by  the 
average  value  ,i,  defined  bv  Ft)  (7)  does  not  s g- 
nificantl.  affect  the  behavior  of  the  output  pul  .e, 
i.e.,  the  effects  of  level  degeneracy  are  negl  -itilo. 

fix)  The  outjjut  intensity  at  a given  superru  iiant 
transition  depends  on  the  pump  transition  branch 
used  U‘  or  /<),  in  agreement  with  the  experiments. 
This  dependence  is  due  to  the  different  matrix 
elements  and  widely  different  populations  of  the 
ground-stale  levels  selected. 

In  summary,  as  long  as  «„/, » 1,  for  a givi  n 
7*  homogeneous  and  inhomogeneous  broadening, 
level  degeneracy,  and  moderate  variations  m the 
value  of  kL  change  the  results  ui  only  minor  ways. 
The  weak  influence  of  these  effects  on  the  out  put 
pulse  can  be  seen  in  Fig.  5,  which  shows  the 
changes  in  the  pulse  shape  and  delay  caused  by 
varying  these  parameters.  The  simple  results 
obtainable  by  setting  1/  J\  - 1 /'/',•  =*  -0  and  n>  elect- 
ing level  degeneracy  may  be  used  for  a qualitative 
understanding  of  the  behavior.''"  This  siniplnied 
model  gives  the  normalized  emission  curve  of  Fig. 
4.  (Other  effects  winch  occur  in  very  long  samples, 
but  which  are  not  relevant  to  the  HE’  experiments, 
arc  discussed  in  Iti  f.  2G.) 

VI  S.MPLIhll  mill  ORY 

As  indicated  by  the  computer  analysis  of  hoc.  V, 
most  of  the  parameters  of  the  system  have  \ cry 
little  effect  on  the  superradiant  output  pulse-  (Fig. 
5).  If  wc  set  y -ku  = A -A , = k - 0 in  Eqs.  (Ill  and 
ignore  the  effects  of  level  degeneracy,  a sci  of 
Simplified  equations  is  obtained: 

— »«.  (39) 


9 S n J nS 

97  ~ h 

9it_  S!i 
9 7 h 


(40) 

(41) 


Here,  .S  - -4’  and  n,  S,  and  S are  all  real.  Note 
that  in  llns  simplified  model,  in  which  A,  = 0.  the 
effect  of  spontaneous  emission  (which  initiates  the 
superradiant  evolution  process  in  an  initially  in- 
verted system)  can  be  included  by  means  of  the 
cffoctivc-input-field  approximation.  Ir.  the  dis- 
cussions of  this  section,  an  effective  mput  pulse 
[ as  given  by  Eq.  (36)[  will  be  used  as  an  initial 
condition. 

Equations  (40)  and  (41)  have  the  solution 


11  =II0COS,,  , 

(42) 

S = -p,«0sin,  , 

(43) 

9y  g,  <S 
a7  n ' 

(44) 

where 

rT 

4 (v.  7 ) - J (,  ,/h)S(x,T')dT' 

(45) 

is  the  “partial  area"  of  the  pulse,  so  that  , ( i . 7 
-•-)-0(x).  From  Eqs.  (42)  and  (43),  it  can  be  seen 
that  v may  also  be  interpreted  in  the  geometrical 
representation*5  as  the  “tipping  angle”  of  a Bloch 
vector”  of  length  n„  which  evolves  in  the  z -v  (n 
plane.  Note  (Sec.  Ill)  that  an  extended 
medium  must  be  represented  as  a distribution  of 
Bloch  vectors  whose  spatial  variations  are  deter- 
mined by  Eq.  (39).  The  initially  inverted  system, 
corresponding  to  the  Bloch  vectors  all  standing  on 
end  (n  *n0,S  =0),  gradually  evolves  into  a super- 
radiant state  (n  =0 ,S/p,  = -«„);  the  evolution  ot 
the  individual  Bloch  vector  at  any  point  in  space  is 
described  by  Eqs.  (42)  and  (43). 

Combining  Eqs.  (39)  and  (44)  gives  an  equation  for 

1 Kx.T)*-": 


9 sine 

9x  9(7/7,)"  L 


(46) 


This  equation  was  studied  for  the  case  of  an  ab- 
sorber by  Burnham  and  Chino*5  and  others. I5,<' 
who  showed  that  for  a 6-function  inpjl  field,  the 
time  dependence  of  »(v,7)  and  therefore  [Eq.  (44) J 
of  7,5 (x,  7)  was  a function  of  7/7,  only.  Our  case 
is  that  of  an  amplifier,  and  the  time  dependence  of 
the  6-function  response  is  again  a function  of  7/7, 
only,  from  which  follows  the  scaling  property  of 
the  normalized  emission  curve  of  Fig.  4.,J*  Further- 
more, since  the  effective  input  field  is  only  impor- 
tant during  the  first  -7,.  any  input  pulse  of  small 
effective  area  60  gives  the  same  response  as  a 6- 
function  input  pulse  of  the  same  area.  [A  more 
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formal  statement  of  the  scaling  properties  of  Fu;. 

4 is  that  the  transformation  7"- T TK,  S~TRS  in 
Eqs  ( 39)  — (41)  leaves  these  equations  unchangee 
and  does  not  affect  the  area  of  the  input  pulse  (:  ie 
boundary  condition).]  This  simple  scaling  prop'  rty 
holds  for  "end -excited ” systems  in  which  the 
system  is  excited  by  a pulse  propagating  throut  a 
the  medium  at  velocity  c . so  that  all  molecules 
.ire  excited  at  the  same  rvfmiW  time.  It  also 
holds  for  "side-eAcite.i " systems  (in  which  all 
molecules  arc  excited  simultaneously)  unless  II  o 
transit  time  1 e 2(/'),  4)  | ln( 2")j  •.*'  In  the 
latter  case,  spontaneous  emission  in  different 
parts  of  the  medium  causes  the  sample  to  bre.ii 
into  a number  of  independently  supcrr.ulialmg  seg- 
ments as  described  tv,  Arerchi  and  Courtens11  (see 
lief  26  for  further  discussion). 

The  computer  results  also  exhibit  these  scali  g 
properties,  even  when  all  of  the  refinements  of 
the  theory  are  included  (l  ie.  f>).  The  main  rcqi  :ro- 
ment  for  the  validity  of  the  normalized  nmissiot 
curve  is  that  l „ be  much  shorter  than  all  other 
times  associated  with  the  system  (1‘ , so 
that  superradiant  emission  Can  occur  before  tie- 
phasing  or  rel.ix ation  processes  set  in.  It  im- 
mediately follows  from  Kq  (22)  that  this  condit.  in 
is  equivalent  to  <»,/.  ■>  J,  so  that  any  sufficiently  - 
high-gam  system  w ill  undergo  su|)crr.uli.int  enn  ;- 
Sion  when  sui  ablv  excited. 

As  a consequence  of  the  long  delay  times  whirl: 
result  from  small  effective  input  pulses,  , re- 
mains small  for  almost  all  of  the  pulse  evolution 
time.  Accordingly,  in  the  expression  for  6'(i , V 1 
the  small-angle  approximation  (sin,  ,)  can  be 
used.  (In  the  final  stages  of  pulse  evolution.  , 
approaches  r and  this  approximation  breaks  down.) 
Also,  since  the  exact  form  of  the  effective  inpui 
field  does  not  matter  (Sec.  V),  a step  function  c in 
be  chosen  A number  of  useful  results  can  be 
derived  from  this  model. 

Consider  first  the  delay  T0  from  the  time  at 
which  the  sample  is  inverted  to  the  time  of  the 
first  peak  of  the  emitted  radiation."1  In  the  smail- 
angle  limit  a solution  of  Kq.  (46)  can  be  found  using 
the  transformation  w 2 (iV)‘*.  which  gives  Bcs- 
sol's  equation  in  u.  For  the  initial  condition  of  a 
small  step  function  input  electric  field  with  en- 
velope £(i  0.  / > 0)  which  corresponds  to 

S(ir  0)  A'0,  the  output  field  at  i - is  of  the  form 

SU-.T ) £„/.,(/).  (47) 

where  /„(*.)  is  the  modified  llessel  function  of 
order  n,  and  u 2{T/I' Then  4* ( /')-,  (.»=/,,  /'), 
the  partial  area  at  x ~L,  is  given  by 

+(T)  = £ (ti./h)S{L,T')dr  = »,«/,<«),  (13) 


where  0o  - ii,S„  A property  of  solutions  of 

Eq  (46)  is  that  for  0#«1,  4>(Tp)-t  Setting 
4 ‘UD  =*)  in  Tq.  (48)  and  solving  for  TD  m the  limit 
Tp»Tg.  one  obtains" 

TB*(T„/4)  lln(0o  /2s)]».  (49) 

Note  that  Eq.  (49)  was  derived  under  the  condition 
of  small  60.  However,  since  <t  only  deviates  from 
Eq.  (48)  durmg  the  last  few  T K before  T -TD,  only 
a small  error  in  calculating  J'D  is  made  by  using 
Eq.  (48)  to  approximate  4>(T0). 

In  the  experimental  system,  0O-1(T6,  so 
I In (£/0 /2 w ) 1 -20  and  Tb  is  insensitive  to  changes 
in  0o.  Ilierefore  Tp~  100  J K is  a convenient  esti- 
mate of  the  time  requned  for  the  superi adiaut 
slate  to  evolve.  Since  Ta  is  proportion  I to  T„ 

T0  should  be  inversely  pro|wrlional  to  t.ie  ex- 
citation density,  anil  therefore,  the  pressure,  in 
the  sample  cell.  This  inverse  proportion:.!!'.*  and 
the  estimate  of  70,  Eq.  (49),  agree  with  experi- 
mental results. 

An  estimate  of  the  width  Tw  of  the  first  lobe  of 
the  radiation  pulse  can  be  obtained  from  the  1/e 
width  of  4>(f)  at  /'  • T0,  i.e.,  by  solving  the  equa- 
tion <MTd  - Tw/2)  -«K/'0)/i'  for 

Tr-T„\  ln(90/2.i)l  , (50) 

since  Tw«.Td.  Equation  (50)  predicts  a pulse 
width  -20  T„  for  our  system,  which  is  somew  hat 
smaller  than  the  observed  pulse  widths  of 
-(20-40) This  is  expected,  smci  the  growth 
of  <1  •(/  ) near  T0  is  actually  slower  than  that  given 
by  Eq.  (48). 

It  was  explained  above  that  because  the  sample 
is  optically  thick  (i.e.,  a ,/.»])  the  polarization 
envelope  iP(z  , 7')  varies  over  the  medium  ami  under- 
goes changes  in  sign  [ Fig.  3(a)].  Since  o 
-2 alt ) .P  tlx,  regions  of  u’  of  opposite  sign  tend  to 
cancel  and  the  output  radiation  at  a particular  time 
can  be  considered  to  originate  from  a single  spatial 
region,  of  width  L'„  . Accordingly.  L',,  and  7 w,  the 
duration  of  one  lobe  of  the  superradiant  outiwt,  are 
related;  Tw  is  the  "effective”  T„  of  a sample  of 
length  L\„  , Tw  -TK(L  = L’,„  ) =bvTlt/ii\* L‘tll  . from 
which  =L/i  ln(0u/2s)j.  Comparison  with  com- 
puter plots  of  <P(.v,  T)  1 Fig.  3(a)]  shows  that  L',fl  is 
approximately  the  half -w  idth  at  half -maximum  of 
a spatial  region.  The  total  extent  of  a region  of 
polarization  (between  points  of  <P  = 0)  is  several 
times  larger.  We  define 


4 L 


|ln(0o/2»)| 


AIsA 

T r ' 


(51) 


Altliough  both  E,„  and  L'„  have  the  correct  func- 
tional dependence,  the  choice  of  L leads  to  much 
better  agreement  between  Eq.  (54),  below,  and 
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computer  results 

Equation  (51)  indicates  that  a fraction  —4  ' J In ( 0 
2i)|  of  the  medium  contr.bules  to  each  lobe  of 
ringing  in  the  supcrradiant  hursts  This  sugge:  s 
that  the  normalize d emission  curve  should  cont  in 
-|  ln(du  2s)  i 4 lubes  This  is  confirmed  by  cot  - 
putor  results,  uhicli  t- . \ ■ this  number  of  lobes 
(up  to  the  1 < point)  for  x.iiiuux  v.iiucs  of  0o.  h s- 
leins  with  finite  /'  wil.  have  fcwi  r lobes. 

The  total  energy  of  the  first  lobe  l , is 


F.  ,-hui0ri/l  1.  ,. 


4 A--.  ,tM 
I ln('-0  2-)  I 


(2) 


.ind  the  total  pe.ik  radiation  intensity  /,  is  appre  \i- 
mately  the  total  energy  of  tin  first  lobe  £,  divi  ed 
by  the  width  of  the  lirst  lobe  fr. 


/.,  h*),nAI 
~ ' » 

4 Sh*'0  I * 4 

I ln(h0  2c)  1-  |li»{0#  2*)|‘ 


( 3) 


8a  / ..  ' 


( -4) 


and  is  projiorlioii.il  to  / *’  (Fig  4)  As  anticipati  d 
m the*  qu.iht.it  ivt  discu  ■Mini  of  Sit  III.  the* 
radi.it ion  rate  is  iMih.un  nl  from  .V//,*/,,/  /'  l>v  .1 
factor  projiortion.il  to  7 lR  Note  that  in  terras 
of  the  |H*.|k  \alue  of  the  electric  field,  Kq  ( 34) 
Rives 


(u& ,/><)(  rw'4)  1. 


(55) 


which  shows  that  the  ringing  o ( tlie  supcrradiant 
output  can  be  viewed  as  a form  of  Ifabi  nulutioi  *7 
The  formulas  for/,  !■'/  (54)|.  / 0 | Eq  (49)|.  and 
7',  [ Eq  (50)1  agree  well  with  experimental  dat.i.1, 
computer  jiredictions.  and  the  normalized  emi  sion 
curve  (Tip.  4)  For  extremely  long  samples  (i  . the 
HFcasc,  10  m),  the  considerations  of  Ref.  2' 
must  be  t.iffcn  into  account 


VII  CONM  fl  IONS  Wl  fit  mill  K WOKK 

Some  previous  trcatments,,•,^•,7  of  superrad:  ince 
are  based  on  ecju.it ions  of  motion  w ritten  in  tei  ins 
of  the  variables  /(/)  and  n(l).  the  tune-dependent 
Intensity  and  inversion  density.  To  compare  the 
present  work  with  these  treatments,  consider  'he 
apjirox iin.it ion  in  whirli  Eqs.  (II)  ran  be  rcwrii.cn 
in  these  two  variable  .,  rattier  th.tn  the  five  red 
quantities  ,7,  .1',  .uni  >. 

An  (C|uation  for  a/  H ran  lie  obtained  by  multi- 
plying Eq  (11a)  by  (<vl.>  */8») 

~ -2*/.  (w0/t/'2)Ro|J  •<«'>,).  (56) 

dX 

which  is  a statement  of  energy  balance.  An  ex 
pression  for  an/'ot  can  be  obtained  by  integral. ng 
Eq.  (lie)  over  velocity: 
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y-<(»i-T,.\)  . * - jj  Reims'  *),1 


(57) 


(58) 


using  fxq  (56)  An  expression  for  the  total  popu- 
lation dtfferi  are  V | n.i  1\  is  then  readily  ob- 
tained' 


~~  (tV  ~ T . \ At)), 

‘ 2 

~ (l(l)-HO)  *2  jL  kld-'j.  (59) 


which  has  an  obvious  intei  jiretatson  in  terms  of 
number  conservation 

Equations  (56)  and  (59)  arc  exact  To  simplify 
Eq.  (56),  we  set  » 0.  i.<  fleet  Doppler  broadening 

and  level  dej'cneracy,  ar.h  as-ume  that  $ and  v 
have  a const.uit  phase.  Differentiating  Eq  (56) 
with  respect  to  T then  i n-'s 


2 d’l 
ui0A  3x0  7 


0/ 


1 »r 

21  37 


b r • 
0 7 


(CO) 


(Cl) 


usmp  Eq.  (lib).  Then,  using  Eq  (56). 

b2l  _J_  ir  I / _2»  _(7\  , . 

3x3 T~  21  bT  Ox  ~ 7 . \dr”  »i0i- 7 ^ ” “‘>0 


(62) 


Ttie  last  term  in  Fq.  (62)  is  obtained  by  replacing 
the  source  term  6A,  of  I'q.  (61)  by  4o0/\„ , w ,.l 7\, 
where  the  form  of  l\0  dejiends  on  the  gain  of  the 
sysicm  [Eq.  (31)  or  Ref.  Cl).  This  substitution  is 
consistent  with  Die  averaging  procedure  used  in 
Sec.  TV  ui  deriving  the  jxjlanzation  source.  Note 
that  in  the  equilibrium  limit,  where  3/,'df  = 0,  Eq. 
(62)  reduces  to  the  usual  expression  for  intensity 
gain  [Eq.  (A13)l, 


t±L 

tlx 


2 


1 < 2auK0 , 


(63) 


the  term  in  parentheses  being  o0. 

Equation  (62)  is  exact,  subject  to  the  stated  as- 
sumptions. A system  which  satisfies  these  con- 
ditions can  be  described  by  two  real  equations, 
Eqs.  (58)for(59)|  and  (62),  in  two  unknowns  (»i  and 
D,  rather  than  by  Eqs.  (11).  Note  tt  the  in- 
fluence of  spontaneous  emission  is  included  in 
these  equations.  In  general,  they  must  be  solved 
subject  to  appropriate  initial  conditions  on  / and 
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n for  simplicity.  in  the  following  discussic  ,s 
we  will  assume  that  the  input  field  is  negligible. 

Equations  ( CO)  an  1 (62)  .ire  a useful  startin 
point  to  connect  the  present  anahsis  with  so  e 
previous  treatments11'1’-1'  which  developeil  tui- 
tions appropriate  to  a regime  which  we  would  like 
to  call  " limited  supc  rradiance."  This  reitine  is 
characterized  by  the  conditions 

(64a) 

but 

a0  L « 1 , (64b) 

i.e., 

T',«r„«r1,  (C4c) 

In  this  limit,  spatial  variations  in  4’  and  n ire 
negligible  throughout  the  sample, 71  and  Eq.  ('  2)  can 
be  integrated  to  obtain 


ill  _ 2/  _4W  ft &>„ 

lit  I 2 3 1 H *^'o  " I 1 1 K 

where,  henceforth,  I 1(1., t).  Similarly, 
becomes 


(65a) 
Eq  (59) 


dS 

<11 


- v-Cv-  r:.\AD- 

1 2 


2 I 

h*>n 


(65b) 


As  will  be  seen  below,  solutions  of  these  equations 
are  very  different  from  those  obtained  in  the  high- 
gain  case  tind  from  the  experimental  results  'dif- 
ferent delay  times,  no  ringing,  etc.). 

Equations  (65)  are  almost  identical  to  the  super- 
radiant  rate  equations  of  Bonifacio,  Schwenci.mann, 
and  Haake,1’  which  in  our  notation  become 


d. / 2/  4/V  4/ 

dt  =_  T,  * T„S0~  TkS0  ’ 


d\ 

dt 


-f-(N-r,AAL)- 
1 ■ 


2/ 

hiv  0' 


(66a) 

(66b) 


(They  did  not  assume  7 , - T ,.) 

Equations  (4.10)  and  (4.11)  of  Itchier  and  Kbcrly11 
can  be  differentiated  to  obtain  equations  similar  to 
ours  (they  assume  7'j1  = 0): 


dl 

dt 


2/ 

T, 


4/.V 

I n .v„ 


(67a) 


dtf  _ 2/ 
ill  hu)n' 


(67b) 


Similar  equations  obtained  by  Itessayre  and 
Tallet17  include  finite  Oopplcr  broadening: 


<a 

dt 


1-- 


IN 


-exp 


(- 


iV  N-T2\AL  2/ 
dl  T , ~ hu' 


In  the  limit  of  T2~^,  these  equations  are  of  the 
same  form  as  the  others  7-’ 

These  three  sets  ol  equations  j(C6),  (67),  and 
(08) ) essentially  agree  with  Eqs.  (65),  which  are 
derived  in  the  thin-sample  limit  and  do  not  apply 
to  o0 /■>/!. 

In  liefs.  11,  12,  and  17,  these  equations  are 
solved  in  the  limit  where  2/  f2  is  negligible  com- 
pared to  4/.V  3 T„S'C  The  solutions  for  / are  then 
hyperbolic-secant-squared  functions  of  time  How- 
ever, the  ratio  of  the  first  term  to  the  second 
term  in  Eq.  (C5a)  is 


_2//7\_  __3  V, 
4/V/3T„V0  2 a0L  V 


(69) 


In  the  tlnn-sample  limit,  in  which  Eqs.  (65)  are 
valid,  n0L  =Tj/Tr<  1,  and  since  |\,  -".V0  always, 
Die  magnitude  of  this  ratio  will  always  be  much 
greater  than  1.  As  a result,  the  2//T,  term  may 
not  be  neglected,  but  the  term  A1.\T/3TKS a is  neg- 
ligible and  may  be  ignored.  Therefore,  the  hy- 
perbolic-secant-squared intensity  solutions  of 
Refs.  11,  12,  and  17  are  incorrect. 

The  approximate  solution  of  Eqs.  (05)  may  be 
obtained  by  neglecting  Hie  second  term  of  F.q 
(65a). 

/(/>,/)  -l(L , t - 0)i'"J,/r*  ■*  (hit.'n/A~TR)  (1  - e~:,,T)) , 

(70a) 


X ■-  0)  - c-,/T2)*N(t  - 0)e~‘/rj 

hu>0 

tT2\AL(\-e~,/T)) , (70b) 

where  ,V(f  = 0)  is  the  initial  population  inversion 
and  l(L,t -0)  is  the  initial  output  intensity,'  ' pro- 
duced by  the  population  existing  at  / =0  in  a medi- 
um having  initial  conditions  /;(/  = 0)  =n0coso  and 
<$>(/  = 0)  =p,n0sin<a  (corresponding  to  an  initial  tip- 
ping angle  <*>  of  the  Bloch  vector): 

l(L,t  = 0)  =(c.A/8:i)(2irfc/.4,n0sin<>)1 

= CVfiWo/47'jj)  sin:<£ . (71) 


The  second  term  in  Kq.  (70a),  which  is  due  to 
the  source  term  of  Eq.  (65a),  is  only  important 
when /(/.,/  =0)  is  negligible  ( ■..ftu>0/4J7'JI).  In  this 
case  incoherent  processes  initiate  the  evolution 
of  the  system,  and  Kq.  (70a)  becomes 


^Tvfl-(l-c-!,/r>) 

/ m 


Nj<*a 

T„ 


X1 

32iM 


(1  -e~ufTi) . 


(72) 


Here  1(1)  is  proportional  to  >i0  and  decays  expo- 
nentially in  the  usual  fashion. 

The  first  term  in  Eq.  (70a)  is  the  free-induction 
decay  of  l(L,t  - 0).  For  I(L,  t -0)  the 
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second  term  in  Eq.  (70a)  is  negligible,  and  /(()  is 
proportional  to  (coherent  emission).  This  so- 
lution is  a decaying  exponential  with  decay  time 
T,/2-a()LTR  2 < T„.  rather  than  the  hyperbolic  - 
secant-squared  solution  of  width  ~T„  of  Refs.  11 
and  12.  Therefore,  collective  radiation  occurs 
for  a time  much  shorter  than  Ts.  after  which  tin 
excited-state  population  will  have  decayed.  Inte- 
grating Ht)  (Shuj„  4TK'i'~2,,T*sinic>  over  time, 
the  total  energy  radiated  coherently  is  at  most 
(A'Eui0/8)  (T . /Tk),  so  that  only  a small  fraction 
Tj  /8  V*  <»„/  8-  1 of  the  energy  is  radiated  co- 
herently Hie  decay  of  the  system  is  determine!, 
by  ordinary  incoherent  processes. 

Experimental  techniques  such  as  free- induction 
decay  and  photon  echos,1  which  study  the  collective 
radiative  decay  of  a system  in  the  limited  super - 
radiance  regime,  are  useful  for  measuring  inco- 
herent relaxation  processes.  In  fact,  these  ex- 
periments must  be  performed  in  the  thin  sample 
(a0l.  1)  si  that  coherent  emission  does  not  affc  et 

the  decay  rate  In  the  regime  of  limited  super- 
radiance,  the  coherent  emission  acts  as  a probe 
of  the  stale  of  the  system,  without  significantly 
affecting  its  stale 

Although  limited  superrudtanco  can  be  considci  cd 
superradianci  in  the  sense  that  / „ • so  that 

collective  i ffi  rts  ere  imjiortanl  jus  is  seen  in  the 
n*  dependen  e of  Kq  (71),,  only  a very  small  frac- 
tion of  the  energy  is  radiated  coherently  since 
T, «7„  This  is  in  sharp  contrast  to  the  regime 
of  strong  sup-  rradiance  studied  in  the  HE  experi- 
ments, which  is  characterized  by  the  conditions 


T,<'T„ 

<73. i) 

a0L  » 1 , 

(73b) 

7*2  » 7 r • 

(73c) 

The  latter  condition  implies  that  the  sample  can 
supcrradi.de  before  decay  processes  set  in.  Ac- 
cordingly, in  the  strong  superradiant  regime  es 
scntially  all  of  tin-  em  rev  stored  in  the  sample 
can  be  emitted  coherently.  | 7 lie  condition  of  Eq 
(73b)  for  strong  superr.uli.uice  can  be  made  more 
precise  in  some  cases. 11 J 

The  long  delays  preceding  the  observed  output 
pulses  deserve  further  discussion,  in  light  of  the 
fact  that  the  conditions  for  strong  supcrrailiancc 
[Kqs.  ( 7) j only  require  7'J  ■-•/*,  not  7 * > T0.  (Ilev- 
ever,  T,*T0  is  necessary.)  For  example,  lypie.illy 
T0~  1007,,  whereas  / ;-507'„,  so  that  TU>2T$. 

It  is  remarkable  that  fully  developed  pulses  witii 
ringing  can  evolve  over  such  long  times,  despite 
the  presence  of  dephasing  processes.  This  be- 


havior is  unique  to  high-gain  amplifiers,  where 
the  high  gain  can  overcome  dephasing  during  Ihe 
early  stages  of  pulse  evolution.  The  system 
eventually  dephases,  but  the  effective  dephasing 
time  is  increased  to  a0LT *,  as  can  be  established 
by  considering  the  response  of  a high-gain  uihomo- 
geneously  broadened  amplifying  medium  to  a short 
input  pulse  of  small  area  t<0.  (A  small  step-func- 
tion input  pulse  gives  similar  results.)  Analytical 
expressions  have  been  given  by  Crisp. ” For  a 
Ixiront/ian  line  shape  the  output  J field  is  of  the 
form 


<S(*  --L.T)- 


°a_ 

2/i 


; (rj 

r / r \,/J  t 7 

exp  2 (—  - — - i 

L \7jt  / ^*or0f.  j 


(74) 


for  an  input  pulse  of  small  area  tJ0  - ,kS0  7*  ti. 
Initially  the  square-root  term  in  the  exponential 
dominates  and  S increases.  Its  maximum  value 
is  reached  at  T~T;o0L,  after  which  exponential 
decay  due  to  dephasing  sets  in.  Therefore,  the 
effective  dcDhasine  time  is 


(7  a )„i  = 7^<r0E  • 


(75) 


When  this  expression  is  compared  with  Eq.  (49) 
for  the  delay  time,  one  finds  that 


_XiL_a  /Jn(ea/2i0  \ 1 
(T;)„<  \ 2 C0L  J 


(76) 


which  is  always  smaller  than  unity  for  a high-gain 
system  (where  n0L  » 1).  Tiiereforc,  an  inhomo- 
gcncously  broadened  system  of  sufficiently  high 
gam  will  always  superradiate  before  it  can  de- 
phase.’* 

In  a recent  series  of  papers,  Bonifacio  and 
Banfi1*  and  Bonifacio  and  Lugiato1*"0  have  devel- 
oped equations  in  terms  of  S,  S' , and  u (rather 
than  / and  A')  for  the  cooperative  radiation  from 
an  initially  inverted  two-level  system,  which  they 
call  supcrfiuorcscence.  In  our  notation,  the  semi- 
classical  equations  which  they  obtain”  can  be 
written  in  the  form 


\(— 

\ + -L1 

L \ 8x  , 

)r  2L  J' 

*%r**b.T )«p(- a?f)* 

(77a) 

/jrtf’U,  T)  * exp  —j)  * (77b) 
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jf  n(x,T)  ~ - |ne(<S*ft>)cxp  . (77c) 

where  T -I  -x  'c  . Although  ttirsc  equations  art 
similar  to  Eqs  HI)  abote,  they  contain  two  major 
differences;  (i)  Pie  ti  rm  (1  21.)  in  Kq.  (77a)  li  s 
been  included  to  account  for  "tlio  irreversible  es- 
cape (propagation)  of  the  total  M.ixwell  field  from 
the  active  volume  to  tne  outside."1'  However, 
wave  propagation  is  built  into  Maxwell’s  equal  i ns 
(the  d dx  terms)  so  that  the  1 2/  term  appear?  to 
be  incorrect  .ind  was  nettled  unnecessarily . (n)  To 
account  for  inhomogeneous  broadening,  in  kq.x  (77) 
the  factor  exp(- l 21')  is  included.  This  factor 
arises  from  the  assumption1''  that  there  is  no  r .r- 
relation  between  frequency  and  position  during  he 
evolution  of  the  .superradiant  pulse,  an  assumption 
which  we  believe  is  incorrect.  Henceforth,  we 
restrict  ourselves  to  the  case  / * -«?,  in  which 
case  Kq  (77)  agrees  with  Kq.  (59). 

In  Ref  19,  l qs.  (77)  are  solved  by  neglecting 
the  {a, 7)0,  term.  71us  incorrect  approximation 
is  justified"  by  Hie  argument  that  in  the  case  of 
“uniform  excitation"  fside  pumping),  Kqs.  (77) 
are  spatially  invariant  for  all  time.  However, 
since  the  inverted  medium  is  finite  in  length,  t‘  is 
is  not  the  case — the  initial  condition  is  spatiall. 
constant  onlv  over  a finite  region  of  space.  There- 
fore, after  a time  of  order  l.,  i spatial  variations 
will  have  developed  throughout  the  sample.  Com- 
puter solutions  also  substantiate  this  point. 

In  summary,  we  doubt  that  any  optically  thick 
{ci0l.~\)  superradi.uit  system  can  accurately  be 
described  by  any  set  of  differential  equations  which 
ignores  spatial  variations.  We  also  doubt  that  the 
pendulum  equation  of  Kef.  19  |Kq.  (11.12)1  appl.es 
to  strong  superradiance.71  J 

Another  recent  paper  by  Bonifacio,  Hopf,  Mevs- 
tre,  and  Scully 1"  deals  with  the  evolution  of  ste  idv- 
3tate  pulses.  This  work  is  an  extension  of  and  in 
the  same  spirit  as  discussions  of  this  subject  in 
Refs.  22  and  24.  This  work  with  steady-state 
pulses  is  applicable  to  a system  in  which  the  loss 
coefficient  k is  sufficiently  high  so  as  to  suppress 
ringing  |lhc  decrease  in  ringing  for  large  x can  be 
Keen  in  Die  kI.  5 curve  in  Fig.  5|. 

VIII  CONCLUSION 

This  paper  has  developed  a semielassicaJ  dc 
scription  of  the  evolution  of  an  initially  inverted 
system  into  a supcrr.idi.uit  state,  and  shown  that 
the  inclusion  of  a properly  constructed  fluctuating 
polarization  source  in  the  coupled  Maxwell -Sob  ro- 
dinger  equations  gives  rise  to  output  pulses  which 
quantitatively  agree  with  experimental  results 
and  have  all  the  features  expected  of  a super- 
radiant  system.  The  success  of  this  model  makes 


clear  the  simple  nature  of  the  superradi.uit  pro- 
cess and  places  it  in  perspective  with  other  co- 
herent phenomena. 

As  shown  in  this  paper,  in  the  optical  region 
spontaneous  emission  initiates  the  pulse  evolution 
process  and  greatly  influences  the  lime  delay ‘and 
other  experimentally  observable  features  of  the 
output  radiation.  The  quantitative  agreement  of  the 
scmiclassic.il  treatments  with  experiment  is  largely 
due  to  the  fact  that  in  .>  high-gain  system  the  effects 
of  spontaneous  emission  can  be  combined  into  a 
single  parameter  (?0  which  enters  the  equations 
logarithmically,  so  lhat  the  exact  details  of  the 
spontaneous-emission  process  become  unimportant. 
Nevertheless,  the  need  still  exists  for  n quantized- 
field  treatment  to  substantiate  the  semiclassical 
results  and  to  explore  quantum-mechanical  features 
of  superradiance  such  as  fluctuations  Since  it  is 
now  generally  recognized  that  a semiclassical  de- 
scription is  adequate  once  the  pulse  evolution  pro- 
cess is  under  way,  the  quanlized-f  icld-lhoory 
trealnient  can  be  restricted  to  the  small-signal 
regime,  where  important  simplifications  occur. 
Several  recent  papers74  have  made  useful  advances 
along  these  lines.  It  is  our  hope  that  the  present 
work  will  stimulate  further  research  in  this  direc- 
tion. 
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APPENDIX  A DERIVATION  OF  INTENSITY  GAIN 
EQUATION  I ROM  COUPLED  MAXWELL- 
SCIIRODINGER  I QU ATIONS  FOR  A SYSTEM  NEAR 
1HUIMAC  EQUILIBRIUM 

We  consider  a linear  steady-state  system. 
SchrBdinger’s  equation  [Eq.  (1  lb) j can  be  rewritten 
in  the  form 

( w)  * = (t)"5  cr(r“n+A*«r'r<n  • 

(Al) 

where  T -kv  and  A,,  which  includes  level  degener- 
acy and  velocity  dependence,  is  given  by  Eq.  (24), 
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A,  l X.T.t'.Af)  =B,|n,(.*,7\r.A/)],/i 

b(T-T{) 

i = i i=  - • 

X^6U'-t'4)e'0;‘*''  . 

i*» 

(A:!) 


[ Eq.  ( 1 1 a) j in  the  ease  of  no  linear  loss  (which  is 
the  case  of  interest),  we  obtain 

aS  \2 ikn]  / «o \ 

9*“l_  h \i/rl-«r/,.J 

= 2nk  £ £ c-<r-r,)/r2  u{T  _ T>)  6(x  _ Xj) 


where  x,  - ( j ~ l)i',  Ax  - L/j' , 7 , - f A 7 , and  the 
e,  are  fc'  discrete  velocities  Then  integrating  Fq. 
(Al)  over  T from  - ^ to  7 gives 

a-  (D  cr(j',n  = — f r mS  .r'1  r~,r)dT' 

H J-  m, 

+ttxY^  <**'"*  &(*  -*,)&(*' -o 

i * » 

x Jr  6(/'  -ri)(Fi,),A 

X e(r'/r>-‘rr,)(fr . 


(A3) 


In  the  case  where  « and  are  very  slowly  varying 
in  time  ami  it  is  approx imatelv  constant,  wc  car 
replace  the  populations  u(v,  l ,i  ,M)  by  their  equi- 
librium values  n, . and  Eq.  IA3)  becomes 


V (T)  1 


h 


n^S 

l/T2'-ir 


•"i^'^EEE^'1'  urr-r,)  6U  - <,) 

i I * 

<6(e-c,)e-<r-ri,/T*, 

(A4) 

where  uU)  is  the  unit  step  function,  and  nK  is  tl  e 
equilibrium  value  of 

Substituting  this  result  into  Maxwell’s  equation 


x{«1lnJ„(*.T,i-,A/)]'/lX;6(i'-tt)ewt'**) 

\ „ I v.  H 

(A  5) 

= 2i7*EEE  E f ,/r’“<r-r,)6(.r-v,) 

J I ft  V * -/ 

(AC) 

Since  the  imaginary  part  of  the  coefficient  of  S in 
Eq.  (A5)  vanishes  when  integrated  over  velocity, 
and  the  real  part  is  the  gain  at  line  center  o0,  Eq. 
(A6)  becomes 

~l<Sc-°o«) 


=EEE  E‘"(r‘r'>/T,,‘<r-r<) 

J l k M 

x 6(x  -x,)  . (A7) 

where  B2(v„M)  --  2^-  77,  [«x(r,.A/ )]‘/J . Integrating 
along  a path  of  constant  T from  x - (j  - 1)  Av  to 
x - j Ax  gives 

<50ax)=S(0  -DaxJc'-o^1 

+EEEf'<r'r,)/T2u(r-r') 

ft  I M 

xB2ea°A'/V0',*J'  (A8) 

for  j = 1,2,  3, . .. , j’.  Simultaneous  solution  gives 


S(L.T)*S(0,T)en"L  ♦ EEE^  xic“o1'-^'‘'*u(r-r,)e-<r-r-,/r*eMF'“' 


(A9) 


• I * i*» 


and 


7(i,r)»l5(7,,7)l*  ‘J 


>(0,7)|-e 


2.,FnoI.  M f ^££££l772|VJ'*^oA‘M(r-r1)e-l(r*,‘,,/r* 


i i » * 

♦ (terms  containing  r uidom  phases) . 


(A10) 


For  o„Ax  r.l  and  Ar/7  j'-.  1,  no  single  terms  domi- 
nate the  sum  of  random-phase  terms,  and  the  : im 
of  these  terms  (which  individually  average  to  z>  ro) 
will  be  negligible  compared  to  the  other  two  terms 


in  Eq.  (A10).  Then  Eq.  (A10)  can  be  written  as  the 
intensity  gain  equation  of  the  text  [Eq.  (25)), 

(All) 
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where 


» w_o  .. 

K°'  2 c 2 il' 


r'flj 


X£Z>  (A  12) 

* M 

[Note  that  Eq.  (All)  is  the  solution  of  the  differen- 
tial equation 

~ 2o0/<2  <yaKu,  (A  13) 


wliich  is  therefore  an  equivalent  intensity  gain 
equation  ! Examination  of  Eq.  (A12)  shows  Dial  if 
the  effects  of  level  degeneracy  and  velocity  depen- 
dence were  eliminated  by  choosing  one  velocit. 
and  by  assuming  Af  -0  for  all  molecules,  we  would 
obtain  the  same  result. 


* wj 
2 c 


AT,  . 
2 a r 1 


- 2an A 1\- 1 


)'1/fjn3o(x,  7 ), 


(A  14) 

that  would  be  obtained  by  summing  n2n(vt, Af)  over 
k and  Af . | Here  h,„(x  , /')  =X/*Z/»  H-oO  *.-'/).[ 


Al'I’l  MMX  H ( (IN'  I K SION  Ol  IN  11  SSI  IY  PI  K MODE 
TO  PI  AM  "AM  1M1  NSf  I % f’l  K (All  B AND"  III  I It 


The  Einstein  intensity  equation'1  [ Eq.  (27)] 

d,l(')  a *m(i  u).-"^'-' ) (BD 

dx  \ n2 -n,  / 


gives  tin-  total  energy  / (x ) per  mode  in  the  active 
region  of  any  linear-gain  medium  To  convert 
/ (x)  into  an  intensity  r(x,v)  per  unit  bandwidth  in 
the  plane-wave  direction,  we  note  that  the  tot  1 
power  Jix)  in  the  plane-wave  direction  is 


where  the  first  factor  is  the  number  of  modes  of 
one  polarization"1  in  the  active  region  in  a fre- 
quency interval  <lv  .foi/2"  and  the  second  factor 
is  that  fraction  / of  the  sphere  over  which  plane 
waves  contribute  coherently.  In  the  plane-wave 
limit,  valid  for  a system  with  large  Eresncl  num- 
ber (a  "disk”),  ) -.Aii  4a  A-/4.7A  |fq.  (1)).  If  we 
define  /(ui.x)  by  l(\)  j /(le.Odw,  then /(*>, x) 
(l/4r)/  (x),  and  Eq.  (Ill)  becomes  | Eq.  (28)1 


j>/(w;  x) 

ax 


2l»(u l)  ^/( ul>,  x ) 4 


liui 

4n 


(B3) 
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The  intensity  gain  equation  for  the  planc-w.vc 
Intensity  / (w,x)  per  unit  bandwidth  is  | Eq.  (2i>)  or 
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(B3)] 


3x  V 4s  n2-nj 

(Cl) 

Integrating  Eq.  (Cl)  over  x gives 

/(w , x ) = (e <“>'  - 1 ) /, (u>)  * /(u, , x = 0)  , 

(C2) 

where 

/»=/< U1,X  = 0)4  ~ . 

4)7  J 

(C3) 

The  total  power  at  x L can  then  be  obtained  by 
integrating  over  w: 

Hx=L)=  ( /(w.x  0)du) 

-x> 

4 r</u)/1(u))(e2a,‘jU- 1). 

■'o 

(C4) 

For  a high-gain  system  ]a(u>  - jJ0)L  £20], 

the  ex- 

ponential  factor  in  Eq.  (C4)  is  very  sharply  peaked 
near  u>  = w0,  so  that  /, (w)  can  be  replaced  bv  /,(.e0) 
and  removed  from  the  integral.  Also  for  a high- 
gain  system,  the  first  integral  can  be  neglected, 
being  much  smaller  Ih.rn  the  second  integral. 
Equation  (C4)  becomes 

/(E)=/,(u>0)  fi/ui^-l).  (C 5) 

0 

To  find /(E),  an  integral  of  the  form 

/,  = l]--J'dui(c':!''oIC'-,-l), 

(CG) 

where  a0-  a(u>  =0)  and  G(u>)  -o(w )/u0,  must  be 
solved.  Expanding  the  exponential  in  a power 
scries  and  interchanging  integration  and  .sum- 
mation gives 

/,  = £ [jGMl'dv  . (C7) 

/ = 1 

For  C(u>)  that  occur  in  slowly  varying  physical 
systems,  such  as  I,orcntzians  and  Gaussians, 
[6'{w)J',du)=[G(u))f/‘lida)  for  J>.»1,  so  that  the  ratio 
of  term  J to  term  -/  - 1 of  Eq.  (Q1)  is  approximately 
2 n0L/J.  Therefore,  for  ar0L»l  (high-gain  sys- 
tem), the  terms  which  contribute  most  to  the  sum 
will  be  those  for  which  J = 2a0L.  We  can  therefore 
approximate  the  factor  J [G(uj)Y  dm  appearing  in 
Eq.  (C7)  by  /[<;(w)J!n#4</w  to  obtain 

i,-E 

/•i 

-e2aoL  [C(w)]s<To<,duj . (C8) 

For  our  system,  the  gain  profile  is  Lorentzian 


i 

l 


i 


I 
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[ see  discussion  above  Eq.  (15)],  with  G(«u)  =(fcu,)2/ 
[(w-w0)2*  (*m,)2].“  Then. 

Il±(n/2a0L)l/2kuld2aoL  , (C9) 

and  we  obtain  the  result  of  Eq.  (29). 

l(L)  - (lK.  < ■ °) » TT  • 

(CIO) 

where  (Aw)7,!  ~T'.(v/2ct„L)l,i,  as  in  the  text. 

Examination  of  the  form  of  /,(w)  [Eq.  (C3) ] oi 
of  1(1.)  [Eq.  (CIO)]  shows  that  in  a high-gain  s>s- 
tem,  a distributed  source  can  be  replaced  by  an 
'‘equivalent”  intensity  source  at  the  input  face 
which  will  give  the  same  output  uitensitv.  In  < 'her 


words,  a high-gain  system  described  by  the  in 
tensity  gain  equation 

dl(x) 


dx 


--2a„I(x) 


(Cll) 


and  an  input  intensity 

/(*  = 0)  = ( -2*- + i~— ) U»)„r 

4n  \Hj-n,  (-"‘“o '»r_  j/ 


(C12) 

would  give  the  same  output  intensity  l(L)  which  we 
derived  [Eq.  (CIO)]  using  our  distributed-source 
model.  In  a high-gain  system,  therefore.  Die 
distributed  source  of  Eq.  (Cl)  can  be  replaced  by 
an  equivalent  input  field. 
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as  follows  Combining  Fqs . (12)  and  M3)  gives  that 
CS/p,  )?  • n : is  con  •. f.i nt  over  spare  The  dip  be  tween 
the  double  peaks  in  (»)  then  corresponds  to  a rege  n 
where  the  ringing  is  large  • nough  so  that  n(  < ) eros  os 
n ■ 0 (Fig  4l  VMien  the  ringing  Incomes  sufficient!'.' 
damped  so  l hi* t n can  no  longer  become  positive,  th- 
dip  disappears  ami  the  doubb  peak  be  comes  a singl- 
peak 

41  Accordingly,  in  the  preceding  discussion  the-  le  ngth  of 
the  dijKilc  array  could  be  con  rlercd  to  In-  the  lengt 
Len  (</.  ) over  which  th*-  |*>lari7at ion  • nvelope  is  ap  rox- 
imately  constant . See  Fq.  (51)  lie  low. 

4?Sce.  for  example.  Kef  24. 

41In  the  far  infrared,  the  background  thermal  radiation 
intensity  exceeds  tint  due  to  spontaneous  emission  and 
becomes  the  primary  mechanism  for  initiating  the 
superradiant  process  Isee  Fq.  (30)1. 
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her**  Miner  the  Hitpe rradiant  decay  rate  is  much  l^ss 
than  >. 

41  This  formula  is  a conseqw  no*  of  the  optical  pumping 
process  aryl  is  not  baste  to  the  superradiant  ihjI.sc 
evolution  process 

Mlf  the  nysli  in  is  (iumpi.1  l>y  .1  !'  hr.inrh  llm  , n r(  mu  I 

be  multiplier!  by  (2 ./  * 3>/(2 ./  • 5) 
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uutions  to  rt'  from  A,  in  different  regions  are  added. 


the  summation  of  random  phases  will  be  more  impor- 
tant than  small  amplitude  variations  in  the  individual 
contributions . 

S,A  similar  expression  for  A,  without  spatial  dependence 
was  used  by  J.  A Fleck.  Jr.  [Phys.  Rev  R L 84 
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ior. 

s1Thc  discrete  velocities  should  be  chosen  to  optimize 
the  convergence  of  Fqs.  (11).  See  Ref.  24. 

S4'"Very  slowly  varying"  should  not  be  confused  with 
"slowly  varying"  W/37  «.w0.  3/vz«u  c).  which  has 
already  be  n assumed  in  the  derivation  of  Lqs.  (11a) 
and  (lib).  Note  that  $ is  not  necessarily  very  slowly 
varying  in  space,  even  near  thermal  iquilibrium: 
l.e..  we  do  not  require  b$'bz  « yS'c. 

"These  conditions  hold,  for  example,  near  thermal 
equilibrium.  Note  that  the  presence  of  delta  functions 
in  A,  is  not  inconsistent  with  very  slowly  varying  n 
and  6,  altliough  A,  has  delta  functions,  the  source  • 
terms  for  n and  & do  not. 
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*Therr  arc  some  errors  in  the  numerical  factors  in 
the  corresjjonding  equations  in  Ref.  14. 

60 The  derivation  (Rif.  44)  of  the  area  theorem  assumes 
a zero-phase  external  field  incident  upon  a r.ond exon- 
erate medium  with  no  districted  sources. 

41  This  Follows  from  the  expression  for  the  cross  sec  tion 
of  a divergent  Gaussian  beam.  See.  for  example. 

M.  Sargent  III  ct  al..  Laser  f’hysics  (Adch  son -Wes  ley. 
Reading.  Mass.,  1974).  p.  369. 

€jK.  P.  Feynman.  F.  L.  Vernon,  Jr.,  and  R.  W.  Hell- 
warth,  J.  Appl.  Phys.  28,  49  (1957). 

€1D.  C.  Burnham  and  R.  Y.  Chiao,  Phys.  Rev.  D)8.  667 
(1969);  see  also  G.  L.  Lamb,  Jr.,  Phys.  Lett.  29 A. 

507  (1969);  Ref.  45;  and  F.  T.  Arecchi  and  E.  Courtens 
(Ref.  13). 

*3a  Xote  added  in  proof.  The  normalized  emission  curve 
is  obtained  from  Lq.  (16)  using  the  substitution 
u>  - 2{xT)x^2,  as  in  Ref.  63.  One  obtains  d:r/du ;2 
* (1 /u) dy/du  = sin*/L7  * , which  for  the  initial  condi- 
tion 4(‘C  0)  <<  1 gives  the  normalized  emission  curve. 
This  initial  condition  is  equivalent  to  a o-function  input 
6 field,  which  is  approximately  equivalent  (Sec.  V)  to 
any  other  input  (wise  of  equal  small  effective  area. 

44lf  the  population  excitation  time  is  appreciable.  T0 
should  be  measured  from  the  central  part  of  the  ex- 
citation pulse.  See  Ref  26. 

This  can  be  seen  from  the  figures  of  D.  C.  Burnham 
and  It.  Y.  Chiao  (Ref.  63). 
f'4In  the  derivation  of  Fq.  (19),  the*  argument  of  the 
logarithm  depend*  on  T0  and  is  of  order  0:/t ; the 
chosen  numerical  factor  provides  a very  accurate  fit 
to  the  numerical  results  of  S»  c.  V. 

9J From  these  approximate  expressions  a picture  emerges 
in  which  the  normalized  output  emission  curve  is  sim- 
ilar to  a damped  sine-squared  curve,  l(T) 

-lpe~(T~  rD)fr  cos?(p6p  (7  -T0)/44|,  of  frequency 
(t*6p  /4A)“*  l-  7**1  ln(0o/2*)(  Tw ) and  decay  constant  t 
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= (*/U»)Tg(ln(0o/2*)|?’  This  equation  gives  a qualitative 
fit  to  the  normalized  output  curve,  ami  as  such  illus- 
trates the  interpretation  o*  superradiance  as  a damped 
oscillatory  process,  where  damping  is  due  to  the  re- 
lease of  coherent  radiation  from  the  sample  Behaviot 
of  this  type  can  be  derived  from  a differential  equation 
obtained  by  considering  the  fraction  of  the  energy  rad- 
iated in  one  lobe  of  radiation  and  the  time  between  the 
first  two  output  peaks.  Combining  this  differential 
equation  with  Fq.  (55)  gives  7(7)  as  above  except  for  a 
factor  of  4 in  t.  a difference  attributable  to  the  fact 
that  the  true  decay  of  energy  slows  temporarily  each 
time  6 passes  through  zero. 

®To  simplify  intermediate  calculations  we  have  assum*  l 
negligible  transit  time  so  that  t T in  Fqs.  (591- (62). 

**Thcse  approximations  were  justified  in  See.  IV  ami  ar* 
confirmed  by  the  numerical  results  (Sec.  V)  which,  in 
particular,  show  that  the  phase  of  4*  is  reasonably  con- 
stant throughout  the  medium  ami  in  time. 

7*The  constant-phase  assumption  implies  that  the  car- 
rier fr<quency  is  close  to  resonance  (»,*'*u0).  This 
approximation  is  valid  because  the  spontaneous-emis 
ftion  profile  is  symmetric  al>oul  its  peak  at  ue. 

nln  integrating  Fq.  (62)  care  must  be  taken  to  keep  all 
terms  of  order  o in  order  to  obtain  the  correct 
numerical  coefficient  of  the  second  term  in  Fq.  (65a) 
However,  as  seen  below  . that  numerical  factor  is 
unimportant  because  that  term  is  negligible  (a0L 
l). 

T,The  solutions  of  Fqs.  (68)  obtained  in  Ref.  17  do  not 
agree  at  all  with  the  expcri mental  results  of  Ref  6, 
notwithstanding  the  analysis  of  Ref  ?7.  In  the  fit 
therein  to  the  experimental  results,  'ho  time  axis  has 
been  shifted  arbitrarily  ami  the  experimentally  ob- 
served ringing  is  disr«y,arded  Although  Kef.  17 
claims  that  large  delays  are  due  to  inhomogeneous 
broadening,  their  calculations  do  not  give  the  observ*  d 
delays  In  fact  our  remits  show  that  for  constant  7 H , 
the  delay  decreases  as  the  tnhomogenrously  broaden 
ed  width  1/7 { increases  (Fq  (75)1 . 

^Equations  (66)  do  not  allow  / (L  . t 0)  - 0,  because  Ref. 
12  requires  that  IfL  , / 0)  must  be  at  least  as  large  as 


a value  corresponding  to  spontaneous  emission. 

4As  can  be  seen  from  the  discussion  of  ( 7?* )clf  (Fq.  (75)| . 
o^L^llnOjI  is  sufficient  if  72  is  the  dominant  broaden- 
ing time,  but  a 9L  -*•  I ln''0|  is  necessary  if  T 2 dominates. 
This  follows  from  the  fact  that  TD  must  be  shorter  than 
both  the  incoherent  decay  time  and  the  effective  de- 
phasing time  of  the  system  so  that  coherent  decay  will 
dominate. 

7iM  D.  Crisp,  Phys.  Rev.  A \.  1604  (1970). 

T*Note  that  this  conclusion  applies  only  to  an  mhomogen- 
eously  broadened  system,  where  decxcifation  of  the 
levels  is  unimportant.  The  population  decay  associated 
with  homogeneous  broaiemng  cannot  be  counteracted 
by  high  gain. 

^Reference  19.  Fqs.  (10  12),  (10  13).  and  (10. 16)- 
(10. 18).  For  convenience  of  comparison  with  Fqs.  (11) 
we  have  kept  only  those  terms  corr<  sending  to  the 
forward  traveling  wave,  this  is  consistent  with  the 
statements  in  Sec.  Ill  that  the  forward  and  backward 
waves  do  not  interact  appreciably. 

m Sole  added  in  proof.  The  pendulum  equation  of  Ref.  % 
19.  *\(c/2L)  4 (\/2T\)\d±/dt  =•  (c/2  LTK)e~'  Ti 

x si is  a function  of  time  only.  Note  that  the  pctxlu- 
lum  equation  obtained  from  the  present  treatment  (Ref. 
63a)  is  a function  of  both  space  and  time. 

:,R  Bonifacio,  F.  A.  Hopf,  P.  Meystre,  and  M.  O. 

Scully,  Phys.  Rev.  A ^2,  2568  (1975),  and  references 
therein. 

t,R.  II.  Picard  and  C.  R Willis,  Phys  Rev.  A 8,  1536 
(1973),  and  references  therein:  R.  Saunders.  R.  K. 
Bullough.  and  F Ahmad,  J.  Phys.  A 8,  759  (1975); 

F.  A.  Hopf  and  P.  Meystre.  Phys.  Rev.  A IJ.  2534 
(1975);  F.  A.  Hopf,  P.  Meystre,  and  D.  W.  McLaughlin, 
Phys.  Rev.  A U.  777  (1976). 

,sThe  very  slowly  varying  approximation  implies  that 
the  carrier  frequency  is  close  to  resonance  (c an 
approximation  discussed  in  Ref.  70. 

"The  intensities  of  the  two  polarizations  grow  indepen- 
dently, but  the  one  which  starts  first  will  dominate. 

•'For  a Gaussian  C <cc)  /,  ^ <*/2o#i.),/l 

x hue  *"««•  =U/(2a#L)l/'!eJC’»t/r,\ 
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This  paper  develop*  a set  of  criteria  for  superradiant  ' mission  in  > ray  systems  These  new  criteria,  which 
musi  be  satisfied  in  order  to  obtain  efficient  *-ray  emission,  are  given  in  the  form  of  simple  inequalities  in 
terms  of  espenmental  parameters 

PACS  numbers  32  30  Rj,  42  55  Bi 


Over  the  past  several  years  there  has  been  consid ar- 
able discussion  of  possible  x-ray  laser  schemes.  : Due 
to  the  short  spontaneous  lifetimes  of  the  transitions  and 
the  lack  of  suitable  mirrors  in  this  regime,  a high-gain 
single-pass  system  which  is  excited  longitudinally  at  the 
speed  of  light  (swept  excitation)  must  be  used.  The  prop- 
erties of  such  a system  will  differ  considerably  from 
those  of  conventional  lasers.  In  a recent  paper  Hnpf, 
Meystre,  Scully,  and  Seely2  noted  that  the  rale-equation 
approach,  used  to  calculate  the  gain  in  many  proposed 
schemes,  is  incorrect  due  to  "laser  lethargy”,  a reduc- 
tion in  gain  due  to  finite  amplifier  bandwidth  and  rapid 
atomic  decay.  Alternatively,  the  x-ray  radiation  process 
may  be  viewed  as  superradianl  emission  from  an  initial- 
ly inverted  system,  similar  to  that  recently  observed3-'’ 
and  analyzed6  in  infrared  systems.  This  paper  exploits 
the  latter  point  of  view  to  develop  a set  of  simple  in- 
equalities in  terms  of  experimental  parameters,  which 
must  be  met  in  order  to  obtain  efficient  x-ray  emission. 
Such  criteria,  which  have  not  been  given  previously, 
should  be  of  interest  to  proposers  of  x-ray  laser  sys- 
tems. In  fact,  several  proposed  schemes  fail  to  meet 
these  criteria. 

Superradiance  is  the  spontaneous  radiative  decay  of 
an  assembly  of  atoms  or  molecules  in  the  collective 
mode  Alternatively,  it  tan  be  viewed*  as  the  transient 
form  of  stimulated  emission  from  a high -gain  medium. 

In  this  process  incoherent  spontaneous  emission  induces 
a small  macroscopic  polarization  which  gives  rise  to  a 
growing  electric  field  and  consequently  an  increasing 
polarization  in  space  and  time  After  a long  delay,  a 
highly  directional  pulse  is  emitted,  often  accompanied 
by  ringing.  The  peak  output  power  is  proportional  to 
the  square  of  the  number  of  radiators,  N. 

(1)  The  ideal  case  of  seperradiance  occurs  when  a 
two-level  system  with  sufficient  gain,1' 

<iL  d it,  (1) 

ha:,  been  inverted  by  swept  excitation  with  mg/igifi/e 
rive  him  to  a population  inversion  N.  Here  of.  is  Ihe 
small -signal  field  gam  (half  the  power  gain)  at  line 
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center,  L is  the  sample  length,  and* 

<t>  - ln[Afl/J(2ir  )5/4(a/.)3/4]  = ^ InA’.  (2) 

(For  typical  x-ray  systems,  15  <0  <30. ) In  this  case 
the  properties  of  the  emitted  radiation  are  determined 
by  0 and  the  collective  radiative  damping  time, 

Tr  = T„(8ir/nX2L),  n = N/AL , (3) 

where  T„  is  the  spontaneous  lifetime  of  a single  atom, 
a is  the  wavelength  of  the  emitted  radiation,  it  is  the 
initial  inversion  density,  and  A is  the  cross-sectional 
area  of  the  sample.  Note  that7  aL  - T“ilTR,  where  T'2 
is  the  inverse  linewidth. 

The  output  radiation  is  determined  from  the  Maxwell - 
Schrodinger  equations*’8;  the  peak  output  power  is 


/#  = 4Miui/TK02ocN2 , 

(4) 

the  width  of  the  output  pulse  is 

r.  = rR0  ccat', 

(5) 

and  the  energy  contained  is 

£>  = 4Affiiii/0<x  s. 

(6) 

The  delay  time  from  the  inversion  to  /,  is 

Tp^r^ccAT', 

(7a) 

so  that  Td  = . This  pulse  is  followed  by  ringing. 

(2)  Next,  consider  the  case  in  which  the  inversion 
rise  time  r is  finite  but  terminates  before  the  superra- 
diant pulse  is  emitted.  In  this  case  the  inversion  density 
which  would  exist  in  the  absence  of  stimulated  emis- 
sion,’ n*(f),  reaches  a constant  value  which  can  be 
used  in  place  of  n in  Eqs.  (1)— (6).  The  delay  time  Tp, 
measured  from  the  commencement  of  the  inversion  pro- 
cess, is  greater  than  7'0: 

i t/(t),  \7<Ti\,  (7b) 

where  f(T)  is  a numerical  factor,  0</<l,  determined 
by  the  shape  of  n*(t)  for  /<T.1<>  [If  n* (f)  = A/*"' , A con- 
stant and  p > 1 , then  / - 1 - l/p.  ] 

(3)  If  the  superradiant  output  occurs  before  the  exci- 
tation process  terminates  (Tp  < r),  n,„  - n*(t  = 7j)  must 
be  used  in  place  of  n in  Eqs.  (1)— (6).  Equation  (7b)  is 
then  replaced  by 

[l-/t^o)1 7p  “(«7'„02)(8ir/n#ffA2Z.),  (7c) 

which  can  be  solved  for  T'0  for  any  given  «*(/). 11  The 
frequently  made  assumption  that  the  x-ray  laser  pulse 
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occurs  at  the  peak  of  the  n*  cur\e  vs  particularly 
erroneous  in  this  case.  Similarly,  gain  calculated  using 
this  peak  value  has  no  particular  significance. 

For  example,  for  t < t we  have  n'(t)~  M*~l , P > 1 , 
then 

».(,=A(Mit  A)11'1"'  ■ A’"  (8) 

and  '/o=(h.„  \)11/l8'nl  (ntT  A)120  i A'1/0,  where 

2irTn<t>lP  \‘l. t.  (7“  r n,  n.„.  ) This  value  of  - 
can  be  used  in  Eqs.  il)—  (C ) . for  example,  /,  = i1iw  W. A 
«(n,T  A),1',/,>.  Note  that  in  this  case  I,  • A /*.  noi  A2, 
but  A’"  radiation  still  occurs  because  the  effective  num- 
ber of  radiators  .V  n,tlAI.  • A1/fl.  However,  although 
lt  increases  with  increasing  A,  the  efficiency  de- 
creases1’ The  energy  needed  to  invert  the  system 
t,.c- Ar^'liw,  so  that  T,  EUc  - (4  <i>)(T'D /t)®'1,  as  up- 
posed  to  the  ideal  case  (1),  where  E,  Einc-4/rt>. 

It  is  sometimes  useful  to  rewrite  Eq.  (8)  as  n,„ 

where  «•( r),  the  peak  value  of  n*,  can 
be  conveniently  found  from  Hef.  1(d)  Similarly, 

= t[h,  and  /, = [hwALn*(T)/T(l -/)][«,/ 

m*(t)|q,"1>  In,  • m*(t)  always).  Written  in  this  form, 
these  expressions  hold  for  most  «*(/). 

When  the  inversion  is  produced  by  a beam  which 
crosses  the  medium  in  the  transverse  direction,  as  in 
Kef.  1(c),  the  transit  time  of  this  beam  can  be  compa- 
rable to  Tp  and  must  be  taken  into  account  when  calcu- 
lating >!*(/). 

(4)  lu  addition  to  condition  (1),  other  criteria  which 
arise  from  effects  which  are  particularly  important  in 
x-ray  systems  must  be  met: 

(a)  T he  homogeneous  decay  time  due  to  sixmta- 
neous  emission , collisions,  Stark  broadening,  Au-  er 
transitions,  etc.,  must  satisfy  Tlt  ~'l " ( , otherwise  inco- 
herent decay  becomes  the  dominant  mode  of  deexi  ita- 
tion,  preventing  superradiance.1  This  condition  gives 
ml  <(J‘f»,)(7j/7’1),  or  equivalently, 

„I.  ^ (2n^V>-)(7„/r,) ■■  A'\  (9) 

so  that  with  decreasing  wavelength  the  minimum  value 
of  nl.  [or  (nl  ),„]  increases.  Combining  Eqs.  (9)  and  (4) 
gives  /,_  (liu»  7„)(2i7/\0-/A2)(7^/r,)2  JVhw/T,. 

Willi  decreasing  wavelength  7’,,  often  becomes  Die 
dominant  mechanism  for  T,  (7",  = 7,0),  so  that  at  thresh- 
old (/,  .Vliji  T„)  the  peax  jxiwer  coherently  emitted 
(into  a small  solid  angle)  equals  the  power  that  would 
have  been  incoherently  radiated  via  sixintaneous  emis- 
sion (in  all  directions). 

(b)  Excessive  loss  can  inhibit  superradiant  emission. 

In  x-ray  systems  loss  may  be  due  to  photo  ion  i /.at  mn, 
inverse  bremsstrahlung  or  nonresonant  absorption, 
and  the  f -field  loss  coefficient,  « (1/d  )(9£/<7x)|„„, 

is  independent  of  x.  Due  to  loss,  more  gain  is  needed 
to  achieve  superradiant  output.  Equation  (1)  becomes14 

(«  - k)1.  x:  © (10) 

No  matter  how  large  the  gain,  for  kL  > \<t>,  the  pulse 
stops  narrowing  and  the  intensity  no  longer  increases 
with  length,  11  giving  rise  to  a steady-state  pulse1 " de- 
scribed by  Irsevgi  and  I.amb,1*  Bonifacio  <7  nl. , 1 and 


others.  In  this  regime  n'  = n©  4k L must  be  used  in 
place  of  n in  Eqs.  (3)— (7),  so  that  7,  = (hwA  32- T„) 
*(hA/k):  and  T,*xTm  hA2  no  longer  depend  on  L.  This 
sets  an  upper  limit  on  the  useful  length  of  a superradt- 
ant  system  with  loss,  regardless  of  its  gain.  Longer 
lengths  reduce  efficiency  but  not 

(c)  In  the  case  of  uniform  excitation  (all  atoms  ex- 
cited simultaneously,  in  contrast  to  swept  excitation), 
a sample  longer  than  cTD  will  break  up  into  independent  - 
ly  radiating  segments  (in  a manner  described  by 
Arecchi  and  Courtens18),  resulting  in  loss  of  efficiency. 
This  gives  rise  to  a maximum  “cooperation  length" 
l-c  (<'7,,©! '2»iA2)1/j,  the  length  for  which  TD  l.  r.  The 
peak  output  power  for  L - I.c  is  [Eq.  (4)|  l,  - shwAr 

Nhu>(c/L);  for  L > Lc  the  maximum  power  / 1 remains 
approximately  constant.  This  will  be  a problem  in  small 
samples  such  as  that  of  Ref.  1(b)  in  which  the  entire 
sample  is  excited  simultaneously. 

In  summary,  in  order  to  achieve  superradiant  output, 
n (or  n,„  or  n')  and  L must  satisfy  Eqs.  (9)  and  (10). 
Efficient  superradiant  emission  also  requires  kL  < i© 
and  L <LC,  and,  in  systems  for  which  t > Tp  (most 
x-ray  systems),  T'D  r as  large  as  possible. 

To  illustrate  how  these  criteria  apply,  consider  the 
scheme  proposed  by  Duguay  and  Rentzepis, 11,1  in  which 
2/i  electrons  of  sodium  vapor  are  to  be  photoionized  to 
create  a population  inversion  at  372  A.  in  this  system 
/>  0.  02  Torr,  T,  - Tm  - 400  psec , 77=17  psec,  L - 500 

cm,  k 3xl0'5  cm'1,  and  the  degeneracy  ratio  of  the 
upper  to  lower  states  is  3.  The  pump  power  (centered 
at  50  eV)  increases  linearly  with  time  (/3  — 3)  at  a rate 
H 4 GW  nsec'1  cm’1,  and  0.3'?  of  the  pump  energy  is 
absorbed  by  the  medium.  (Hence  A = 0.003R  /'2huip„m, 
for  / ■ 7„. ) Equation  (7c)  applies  here  and  gives 
h.((  6*1012  cm'3.  Since  this  value  satisfies  Eqs.  (9) 

and  (10),  superradiance  will  occur;  then  ©=23,  Tp  ~ 100 
psec,  7„=5  psec,  and  1,-600  MW.  Computer  solution* 
of  the  Maxwell -Schrodinger  equations  for  such  a system 
gives  1,-600  MW,  Tp  = 80  psec,  and  T„  - 4 psec,  in 


PUMP  POWER  RISE  RATE  R (GW  n*ec"'cm‘J) 

FIG.  1.  I,  versus  R,  for  a system  identical  to  that  of  Duguay 
and  Rentzepis  (Ref.  1 (a),  described  in  text),  except  that  R is 
varied  and  Tf  «i.  At  R 4 GW  nsec-1  cm"3,  nML  - 3 xl0*s  cm*2. 
(1,2)  Threshold  values  oft,  and  R,  obtained  from  Maxwell- 
Schrodinger  equations  (curve  (1)1  and  rate  equations  [curve  (2)1 
(see  Ref.  19). 
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close  agreement  with  th<-  estimates.  These  result.-  are 
markedly  different  fmm  those  obtained  from  rate  .-qua- 
t ■< >n  analysis,  ''  which  predict  I,  about  10  times  smaller 
and  iw  about  10  times  longer. 

Actually,  this  value  of  R is  almost  an  order  of  mag- 
nitude larger  than  that  necessary  to  achieve  super  ra- 
diance. The  minimum  value,  obtained  from  Eqs.  (9) 
and  1. 1 0 ) . is  0.8  CJWnsec'1  cm"’,  giving  />  = 100  MW  and 
/„  -11  psec  Computer  analysis  confirms  these  results. 

To  furthei  contrast  the  predictions  of  Maxwell- 
■Scl. rodmger  and  rate  equations,  consider  the  computer 
curves  (Fig  1 1 relating  I,  and  R for  a system  ident ical 
to  that  described  above  but  with  (for  simplicity)  no 
Doppler  broadening  (7?  ' 1'lie  peak  intensity  ob- 

tained from  the  Maxwell  Sch rodmger  equations  (a i 
exceeds  that  of  the  rate  equations  (b)  by  a factor  ol  10 
in  the  superradiant  regime,  and  about  10  times  as 
much  pump  power  is  necessary  to  achieve  superradiant 
output  2n  This  increase  m threshold  occurs  because 
polarization  /’  cannot  be  created  instantaneously.'  For 
nl  /■  evolves  slowly,  giving  rise  to  a time  delay 
during  which  /’  can  decay. 22  For  r>l,  > <p , however.  I’ 
builds  up  more  rapidly,  and  to  a larger  value  than  that 
predicted  by  rate  equations,  giving  rise  to  smallei 
delays  and  shorter  pulses  of  larger  intensity. 

Observing  directional  anisotropy  in  the  output  radia- 
tion may  tie  a useful  experimental  step  towards  achiev- 
uig  super  radiance,  since  as  the  experimental  param- 
eters approach  the  threshold  of  coherent  emission,  the 
output  radiation  becomes  redirected  into  a small  angle 
along  the  axis  The  output  intensity  from  a system  with 
gain  of  order  unify  is  approximately  twice  as  largo  li- 
the forward  direction  as  in  lateral  directions.  For 
example,  in  the  Na  scheme  of  Itef.  1(a),  the  pump 
power  required  for  observation  of  anisotropy  is  almost 
three  orders  of  magnitude  less  than  that  for 
su|>ei'  radiance. 

We  wish  to  thank  Norman  Kurnit  for  useful 
discussions. 
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III.  Laser  Saturation  Spectroscopy 


Observation  of  adiabatic  rapid  passage  utilizing  narrow 
infrared  saturation  resonances* 

S M Hamadam,  A T Mattick,  N A.  Kurnit,  and  A.  Javan 

Phyu cs  Deportment  Massachusetts  Institute  of  Technology-  Cambridge  Massachusetts  02/39 
(Received  13  March  1975) 

Population  inversion  hy  adiabatic  rapid  passage  (ARP)  utilizing  narrow  saturation  resonances  is  observed  for 
an  infrared  transition  of  NH.  The  population  change  produced  by  sweeping  the  frequency  of  a strong 
saturating  laser  field  through  the  center  of  a Doppler  broadened  absorption  line  is  probed  by  a weak 
counterpropagadng  field  as  in  a Lamb-dip  experiment  When  the  ARP  conditions  are  satisfied,  inversion  of 
population  is  detected  as  amplification  of  the  probe  wave  near  the  line  center 
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Population  inversion  t>y  adiabatic  rapid  |iassag<  (ARP) 
has  long  boon  used  in  NMR  to  study  relaxation  eflects 
of  spin  systems.1  Recently,  this  method  has  been  applied 
m the  optical  region  by  Stark  tuning  an  infrared  transi- 
tion in  NH,  through  resonance  with  an  intense  laser 
field.'  The  relaxation  of  the  entire  Doppler-broadened 
line  was  monitored  by  a second  |>assage. 

In  this  letter  we  report  the  observation  of  population 
inversion  by  ARP  for  molecules  of  a specific  velocity 
group  by  observing  the  narrow  saturation  resonance 
appearing  at  the  center  of  a Doppler-broadened  absorp- 
tion line  (Lamb  dip)  as  a strong  saturating  wave  and  a 
weak  countcrpropagatin  ; wave  of  the  same  frequency 
are  rapidly  tuned  through  line  center.3  The  method  has 
the  advantage  of  easing  the  conditions  required  fo*  ARP, 
in  that  the  frequency  sweep  need  only  be  of  the  order  of 
the  homogeneously  broadened  width  of  the  resonance, 
much  narrower  than  the  Doppler  width.  Furthermore, 
since  molecules  in  neighboring  velocity  groups  ate 
probed  before,  during,  and  immediately  after  the  ARP, 
fast  relaxation  processes  can  lie  investigated  with  rel- 
atively slow  sweep  rates.  This  in  turn  reduces  tin'  rc- 
< I in  rements  on  laser  |»iwer.  In  addition,  for  the  two 
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counterpropagating  waves  having  different  frequencies, 
as  in  a recent  slow  passage  expenment, 4 relaxation 
can  be  studied  as  a function  of  molecular  velocity. 

Let  us  consider  the  interaction  of  a Doppler -broadened 
transition  centered  at  w0  with  a strong  saturating  travel- 
ing wave  E,exp[i(u)f  - fir)]  traveling  in  the  positive  z di- 
rection and  a weak  counterpropagating  probe  wave 
E,exp[i(w7  + *z)].  For  sufficiently  slow  sweep  (as  in  a 
conventional  Lamb-dip  expenment),  the  strong  field 
selectively  saturates  those  molecules  with  z component 
of  velocity,  r,,  satisfying  the  condition  I u - ui„  - kv,  I 
<>,-=  (y*  + 0*)WJ,  where  y is  the  collision-broadening 
rate  and  &=  nE,/n.  At  the  same  time,  the  probe  field 
will  interact  with  molecules  with  t,  satisfying  lui  -w0 
t I < r - As  uj  is  swept  through  line  center,  both  fields 
interact  with  the  same  set  of  molecules  (r,  = 0),  and  the 
probe  absorption  will  exhibit  the  well-known  saturation 
dip,  with  a symmetrical  line  shape  centered  at  u)  = u>0 
and  a full  width  of  approximately  y,.  In  the  limit  of 
large  saturating  field  strength  (0  >y),  the  absorption 
of  the  weak  probe  field  at  w = ui0  does  not  generally 
approach  zero,  s as  might  be  expected  from  complete 
saturation  of  the  ixipulation  by  the  strong  saturating 
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field.  Huh  residual  absorption  results  from  iiar.imetric 
< /upling  between  the  tu  i waves  produced  by  the  non  - 
i near  induced  ixilarization  and  is  dependent  on  the  ratio 
f |«ijjulation  decay  rate  1 7,  to  the  homogeneous  width 
1 / i.  As  shown  in  Ref.  5,  the  residual  absor  ition 
t an  be  as  much  as  j of  the  unsaturated  absorption  and 
approaches  zero  only  tor  T2  T,. 

The  rondition  for  slow  sweep  is  satisfied  when  the 
imputation  change  induced  by  the  saturating  field  can 
reach  equilibrium  before  w is  detuned  by  an  amount 
cntiiiKw.ible  to  /,  For  .idiabatic  rapid  |iassage.  this 
condition  tb  reversed  In  tins  ease  the  field  must  be 
swept  through  the  |iowc r broadened  width  of  the  reso- 
nance in  a time  shorter  than  the  colhsionat  relaxation 


U " T, 

In  addition,  a second  condition  is  necessary  if  the  pas- 
sage is  to  be  adiahatiC1,1  * 


If  these  two  conditions  are  met,  the  strong  saturating 
wave  will  completely  invert  each  molecular  velocity 
group  as  it  passes  through  resonance  A weak  counter  - 
propagating  probe  wave  will  see  absorption  on  one  side 
of  the  Doppler -broadened  line,  but  once  w has  been 
swe|g  through  the  probe  will  interact  with  molecules 
which  have  already  been  inverted,  and  hence  will  exhibit 
amplification.  As  the  inverted  population  relaxes  to 
equilibrium,  the  amplification  decays  back  to  the  un- 
saturated absorption  with  a time  constant  determined  by 
Tt.  This  will  manifest  itself  as  a nonsymmetrical  ARP 
saturation  resonance  line  shape.  Thus,  as  the  sweep 
rate  is  increased  from  a low  value,  the  Lamb  dip  will 
become  deeper,  [flssing  over  into  amplification  and 
becoming  increasingly  asymmetrical  at  higher  sweep 
rates  (cf.  Figs.  1 and  2,  which  are  discussed  below). 

In  formulating  the  effect,  the  customary  Bloch  equa- 
tions’ can  be  written  for  the  saturating  field  interacting 
with  the  ensemble  of  molecules  having  a given  velocity 
component  i,.  For  these  molecules  the  saturating  field 
appears  at  the  Doppler-shifted  frequency  w - to,.  As 
this  Doppler-shifted  frequency  is  swept  through  w0, 
neglecting  the  relaxation  effects,  and  with  ARP  condi- 
tions (1)  and  (2)  satisfied,  the  population  difference  as  a 
function  of  the  time-varying  w>  will  be  given  by*'* 

A*vr,.rI~l',.>=  --M(Aui)*  * d*]-l/lA.V0(r.)  . (3> 

where  Aw-  w - (w0  ' I-'',)  and  AA0(i,)  is  the  population 
difference  in  the  absence  of  the  saturating  field.  In  this 
equation,  it  is  assumed  that  w is  swiept  starting  at  a 
value  well  below  w0  • kt Note  that  after  u has  swept 


i It  . :.  V volution  ot  a typical  tnmh-dlp  signal  crossing  into  amplillcation  as  the  frequency  sweep  rate  is  increased  to  satisfy  the 
Mil  •onilllions.  t'pper  trues  show  the  probe  field  signal  with  7.cr.  pressure  as  the  laser  is  swept  through  resonance.  Middle  and 
lower  Iran's  show  ihe  same  signal  with  anti  without  tl«  saturating  Hold,  respectively,  for  NH,  pressure  of  3 mTorr  in  (a)  and  1.5 
Ml  Ion  In  Ot)  to).  Vert  It'll  gain  In  0>>  Is  twice  thai  In  (cl  — (el.  ti>  Fntire  gain  profile  of  NjO  User  is  shown.  7 MHi/div,  sweep 
> lie  A n.  ns  Mil/  gset-  (I.)  Ite levant  purl  of  laser  signal  with  increased  vertical  gain  (base  line  suppressed)  (Ref.  11).  1.6  MHz 
liv,  A II. ns  Mil/  user,  (c)-(e)  -1  Mil/  tliv.  Increasing  sweep  rates  of  n.4,  0.6,  and  2.0  MHz/psec,  respectively. 
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through  w0  • kr,,  Au  in  Eq.  (3)  changes  sign,  indicating 
inversion  of  population  by  ARP  for  molecules  of  velocity 

In  the  presence  of  molecular  relaxations,  the  liloch 
equations  including  relaxation  terms  may  be  solved 
numerically  to  obtain  the  time-de|iendent  populati  on. 
Figure  1 shows  the  population  A.V(rf)  as  the  incident 
fo  ld  frequency  is  swept  through  w0  • ki , at  different 
sweep  rates,  computed  for  a plane  wave  assuming  a 
linear  frequency  sweep  u - wQ  • 2 rAt  and,  for  illustra- 
tion, taking  Tl  T 2.  As  expected.  for  slow  sweeps  the 
time  dependence  reflects  the  Lorentzian  sha|ie  of  a re- 
sonance and,  for  very  strong  saturating  field,  gives 
A V 0 at  the  same  time  when  Aw  becomes  zero.  As  the 
sweep  rate  is  increased  to  satisfy  condition  (1),  popula- 
tion inversion  results  for  w > wn  • kr,.  The  curves  be- 
eome  deeper  and  asymmetry  appears  due  to  the  finite 
decay  time  7,.  The  curves  in  Fig.  1 would  also  repre- 
sent the  probe  field  absorption  (neglecting  parametric 
terms')  for  a fixed-frequency  probe.  If  the  probe  fre- 
quency is  swept  together  with  that  of  the  saturating 
field,  the  frequency  scale  must  be  ex|ianded  by  a lactor 
of  2 (upper  scale  in  Fig.  1). 

In  the  experiment,  population  inversion  by  AR1’  was 
observed  for  the  vz  [<i'(2(8.  7 ) J transition  in  ammonia. 

The  output  of  a 1-m-long  N.O  laser  operating  on  the 
/'(13)  line,  which  can  be  tuned  through  this  resonance,  J 
was  split  into  a strong  saturating  field  and  a weal,  probe 
held  and  sent  in  opposite  directions  through  an  81 -cm- 
long  absorption  cell.  To  minimize  feedback  of  the 
fields  into  the  laser  the  polarization  of  the  strong  field 
was  rotated  ‘JO  with  respect  to  the  probe  field  so  that 
fi  edback  from  both  fields  could  be  eliminated  with  the 
ut.e  of  Browster-angle  reflectors.  The  frequency  was 
swept  by  varying  the  length  of  the  laser  resonatoi  using 
a 2 in  -long  tubular  PZT  driven  by  a sinusoidal  modu- 
lating voltage  (so  that  w u.’0  i 2n£  sin2ni'/,  with  (.  =60 
MHz).10  The  laser's  frequency  sweep  was  inferred  by 
observing  the  fringes  of  a 6328-A  laser  beam  in  a 
Michelson  interferometer  which  used  the  PZT-driven 
laser  mirror  in  one  arm. 

Figure  2 shows  typical  results  for  signals  appearing 
on  the  probe  field  with,  for  comparison,  the  probe 
amplitudes  with  no  absorber  and  with  no  saturating 
field.  For  slow  sweeps  [Figs.  2(a)  and  2(b))  a limiting 
saturation  value  of  80'.'  is  observed  on  the  probe  held  11 
As  the  modulation  frequency  r is  increased  from  200  Hz 
to  h kll/.,  corresponding  to  sweep  rates  ranging  irom 
0 08  to  2 MH/./psec,  the  height  of  the  dip  almost 
doubles,  crossing  into  gain  I Figs.  2(c)  and  2(d) J with 
the  amplification  seen  at  the  highest  sweep  rate  | Fig. 
2(e)|  amounting  to  35— 40'?  of  the  unsaturated  absorp- 
tion. In  these  pictures  the  over-all  curvature  of  the 
traces  reflects  the  variation  of  laser  intensity  as  it  is 
tuned  across  the  gain  profile  of  its  amplifying  transition. 
For  this  set  of  data  the  peak  saturating  field  intensity 
was  5 W/cm2.  The  full  width  at  half-maximum  for  the 
slow-sweep  Lamb  dip  observed  at  1. 5 mTorr  [Fig.  2(b)  j 
is  due  to  |Miwer  broadening  and  is  ~ 2 MHz.  The  known 
collision  broadening  parameter4  gives  for  this  pressure 
j FWIIM  of  35  kHz  corresjXJnding  to  a 7'2  of  4.5  \ sec. 


In  order  to  calculate  the  gain  expected  on  the  probe 
wave  under  our  experimental  conditions,  it  is  necessary 
to  consider  the  effect  of  level  degeneracy,  which  is  of 
importance  because  the  various  degenerate  Mj  transi- 
tions have  different  matrix  elements:  For  a sweep  rate 
consistent  with  condition  (1),  smaller  matrix  elements 
require  higher  power  for  condition  (2)  to  be  met.  Hence, 
for  a given  power  and  sweep  rate,  the  ARP  conditions 
(1)  and  (2)  may  be  satisfied  to  varying  degrees  for  dif- 
ferent matrix  elements.  Computer  calculations  includ- 
ing level  degeneracy,  for  a probe  field  having  polariza- 
tion perpendicular  to  the  saturating  field.  12  indicate 
that  a value  of  T,  twice  T2  4.5  psec  is  in  reasonable 
agreement  with  the  experimental  observations.  It 
should  be  noted,  however,  that  with  the  beam  radius  of 
2.  5 mm  (1  <■  intensity)  employed  in  these  experiments, 
the  molecular  transit  time  through  the  laser  field  ( 5 

psec)  contributes  to  these  relaxation  effects.  These 
results  are  thus  not  inconsistent  with  Loy’s  measure- 
ment of  a collisionally  induced  population  decay  5 times 
slower  than  T2  in  another  transition  in  NH3.2,13 

Detailed  studies  of  the  pressure  dependence  of  the 
observed  relaxation  effects  and  the  extension  to  the 
study  of  the  velocity  dependence  of  using  probe  and 
saturating  fields  of  different  frequencies  are  currently 
in  progress. 
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modulation  period  T must  he  kept  much  larger  than  the  re- 
laxation time  7",  In  order  to  observe  ARP. 

"The  structure  observed  on  the  side  of  the  resonance  n Fig. 
2(b)  Is  due  to  hyperflne  splitting  and  will  he  dlscusse  I 
elsewhere. 

"For  an  axis  of  quantization  chosen  along  the  direction  of 
polarization  of  the  saturating  field,  this  field  causes  XM  - 0 
transitions,  with  d*  - Af  *3. 4 *1 0*  sec'1.  Since  the  probe  In- 
teracts most  strongly  with  the  M - 0 sublevel,  which  is  not 
affected  by  the  saturating  field,  the  gain  of  the  probe  is  at 


most  9lSf  of  the  unsaturated  absorption  even  when  conditions 
(1)  and  0)  are  satiafield  for  Af  * 1 to  8. 

11 T,  -type  relaxation  dominantly  arises  from  collision-induced 
decays  Into  the  various  rotation-inversion  levels  in  each  vi- 
brational state,  and  from  elastic  collisions  appreciably 
changing  vt.  Since  collisions!  coupling  is  strongest  to  the  in- 
version level  of  the  same  rotational  state,  more  than  one  re- 
laxation time  may  be  necessary  to  characterize  the  decay  of 
the  population  difference. 
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Measurement  of  Molecular-Alignment  Relaxation  Rate  in  NH3  Using  Non-Lorentzian 

Laser-Induced  Saturation  Resonances 

J.  R.  R.  Lcite,'*’  M Ducloy,rt,)  A.  Sanchez,  D.  Seligson,  and  M.  S.  Feld 
He  pa r I ment  of  Physics  and  Spectroscopy  laboratory,  Massachusetts  Institute  of  Technology , 

Cambridge,  Massachusetts  02139 
(Received  2 May  1977) 

A general  technique  la  presented  In  which  narrow  non- Lorentzian  laser-induced  reso- 
nances are  used  to  study  molecular  reorientation.  The  experiments,  which  study  the 
Cjusv(h,  7)  NHj  transition,  yield  a value  of  6 * 1 MHz/Torr  for  the  excited-state  alignment 
relaxation  rate,  50'fc  larger  than  the  corresponding  population  relaxation  rate. 

The  technique  of  laser-induced  line  narrowing  first  application  of  this  technique  to  study  M- 

in  coupled  three-level  systems  has  been  the  sub-  changing  collisions  in  an  infrared  molecular  tran- 

ject  of  much  recent  work.1*2  Theoretical  studies3*4  sition.1'®  The  non- Lorentzian  line  shapes  thus  ob- 
have  shown  that  the  shape  of  the  narrow  reso-  served  are  used  to  extract  Zeeman-coherence 

nance  is  a sensitive  function  of  the  relaxation  (alignment)  relaxation  rates.  Thus,  the  present 

processes,  and  non- Lorentzian  line  shapes5  have  technique  complements  the  well-established  tech- 
been  observed  in  neon.*  This  Letter  reports  the  nique  of  level  crossing  (Hanle  effect)  in  optical 
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pumping  experiments.'"  and,  as  such,  should  he 
particularly  useful  for  relaxation  studies  in  sys- 
tems where  Stark  and  Zeeman  effects  are  absent 
or  fluorescence  is  difficult  to  observe. 

In  our  ex[>erinients  the  v^i~ sQ(8,7)  transition  of 
NH,  is  saturated  and  probed  using  two  cw  N,0  la- 
sers oscillating  on  the  P(13)  10.7-gm  line,  which 
falls  within  the  NH,  Doppler  profile11  (Fig.  1(a)). 
The  two  beams  overlap  and  can  be  adjusted  to  be 
copropagating  or  counterpropagating.  Three- lev- 
el systems  are  created  using  crossed  linearly  po- 
larized fields  for  probe  and  saturating  beams. 

The  saturating  field  can  be  considered  to  induce 
A.vf  =0  transitions,  and  the  weak  field  then  probes 
A VI  i 1 transitions.  For  weak  saturation,  in  the 


absence  of  .U-changing  collisions,  the  system  de- 
composes into  two  groups  of  coupled  three- level 
systems,  having  the  common  level  in  the  NH, 
ground  (g)  and  excited  (<•)  states,  respectively 
[Figs.  1(b)  and  l(c)j.  For  each  three-level  sys- 
tem the  intense  field  selectively  saturates  the  0-2 
transition  (A.Vf  =0)  over  a narrow  range  of  molec- 
ular velocities.  This  produces  a sharp  change  in 
transmission  over  a narrow  frequency  range  as 
the  probe  field  is  tuned  through  the  coupled  0-1 
transition  (iA.Vf;  = 1).  This  change  signal  is  com- 
ixxsed  of  contributions  due  to  saturation  of  the 
population  of  the  common  level  (level  0),  and  to 
two  quantum  Raman-type2  processes.  As  is  well 
known,  because  of  interference  among  compo- 
nents from  different  molecular  velocity  groups, 
the  Raman-type  processes  are  negligible  in  the 
counterpropagating  case,  and  so  probing  in  the 
“backward”  direction  gives  rise  to  a simple  Lo- 
rentzian  line  shape,  as  expected  from  population 
considerations.  In  contrast,  in  the  forward  direc- 
tion (copropagating  case)  the  contribution  from 
Raman-type  processes  is  large  and  gives  rise  to 
an  additional  line-shape  feature  in  the  form  of  a 
narrower  Lorentzian  superimposed  on  the  popula- 
tion contribution.1 

When  .V/- changing  collisions  occur  the  theoreti- 
cal formalism  is  more  complex,  since  such  col- 
lisions couple  together  the  independent  three-lev- 
el systems.  The  full  degeneracy  of  the  energy 
levels  must  then  be  included,  and  allowance  made 
for  the  different  relaxation  rates  of  the  various 
multipole  moments  of  each  level.  With  use  of  the 
tensorial  formalism10  to  describe  these  features, 
the  following  expression  for  the  change-signal 
line  shapes  in  the  weak  saturation  limit  can  be 
derived: 


8t>1[57i;(y02)  + £(Oll. 


(1) 


g(t)-ReJ2(2D  L (96  38/> 

o n,  k 

In  Kq.  (1)  L (\ ) («  ui  )'  1 , where  A , is  the  detun- 
n g of  the  probe  field  from  the  center  of  the  t -e  1 
(.  1 forward,  - 1 backward)  resonances.  T is  the 
relaxation  rale  of  the  optical  (dipole)  polarization 
and  * the  Kth-order  multipole  decay  rate  in  lev- 
el n ^ c,k):  K -0,  population;  1,  orientation; 

2,  alignment.  As  seen  in  Eq.  (1),  the  backward 
signal  is  still  a single  Lorentzian  of  width  2T 
while  the  forward  signal  is  composed  of  various 
Lorentzian  contributions.  In  the  present  experi- 
ments. the  narrow  feature  of  the  forward  signal 
is  primarily  determined  by  alignment  relaxation 
processes  (widtii  > 

Two  features  of  Eq.  (1)  are  exploited  in  analyz- 


ing the  data:  (1)  Forward  and  backward  signals 
have  equal  areas12: 

Jg(+)d&  = Jg(-)d& . * (2) 

(2)  The  ratio  of  the  peak  amplitudes  of  forward 
and  backward  signals  is 

'££01  . 57t(2)  + t(1) 

Lff(-)J^„  96t(0)-38t(2)’  w 

where  r(K)  = 1/y/  + 1/y/. 

In  the  experimental  setup  (Fig.  l(a)|  the  two 
grating-tuned  N20  lasers,  linearly  polarized  at 
right  angles,  were  incident  on  a 10-cm  NH,  cell 
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FIG.  2.  (a),  (b)  observed  change  signals,  laser  polari- 
zations oriented  at  right  angles.  The  dashed  curves  are 
calculated  from  tiq.  (1)  using  the  measured  relaxation 
rates.  <c)  Katlo  between  peak  height  of  forward  and 
backward  signals.  The  high-pressure  limit  gives  Y/ 

= 0.0  0 MHz/Torr.  (d)  Comparison  of  forward  change 
signals  using  perpendicular  and  parallel  polarizations 

having  NaCl  windows.  A flip  mirror  ( M ) was 
used  to  reverse  the  direction  of  the  saturating 
beam,  and  thereby  select  forward  or  backward 
configurations.  Brewster-angle  NaCl  beam 
splitters  were  used  to  overlap  the  beams  before 
the  cell  and  separate  them  afterwards.  The  probe 
beam  was  monitored  using  a He-cooled  Cu-Ge  de- 
tector. The  Doppler  background  was  eliminated 
by  chopping  the  saturating  beam  at  1.2  kHz  and 
using  phase- sensitive  detection.  The  short-term 
( 0.1  sec)  frequency  jitter  of  both  lasers  was 
less  than  100  kHz,  and  amplitude  fluctuations 
were  less  than  5%.  Care  was  taken  to  insure  that 
both  lasers  were  operating  in  the  TEM,*,  mode. 

In  the  experiments  the  frequency  of  the  saturat- 
ing laser  was  set  close  to  its  line  center,  and  the 
probe  laser  was  tuned  over  a ± 35- MHz  range  by 
means  of  a calibrated  piezoelectric  transducer 
(error  < 5%).  To  avoid  saturation  broadening,  the 
powers  of  saturating  and  probe  lasers  were  kept 
below  15  and  3 mW,  respectively.  Beam  radii  of 
both  lasers  were  3 mm.  Typical  experimental 
traces  are  shown  in  Figs.  2(a)  and  2(b). 

Although  all  of  the  relevant  rates  can  be  ob- 
tained from  analysis  of  our  data,  several  of  these 
have  already  been  established  for  the  asQ( 8,7) 
transition.  The  backward  signal  is  Lorentzian 
and  its  linewidth  yields  T = 24t  1 MHz/Torr,  in 
agreement  with  earlier  Lamb-dip  measurements.1* 
t>\u  ihe  imputation  decay , it“-24i  1 MHz  Terr 
(mi  tli*’  gn'iiml  atiit*’1*  and  » -3.1*  1 O.H  Mtlz  Inrr 
for  (lie  excited  stair.'*  As  explained  below,  these 
values,  which  our  . ata  confirm,  are  used  in  our 


analysis  to  measure  y,*,  the  excited-state  align- 
ment decay  rate,  which  has  not  previously  been 
determined.  As  pointed  out  by  Loy,*  the  much 
larger  value  of  y,0  as  compared  to  that  of  y,°  is 
due  to  the  dominance  of  dipole-dipole  inelastic 
collisions  when  both  collision  partners  are  in  the 
NH,  ground  state  (inversion  splitting  -0.8  cm'1), 
where  the  dipole  moment  does  not  invert  during 
a collision,  as  opposed  to  the  case  when  one  of 
the  collision  partners  is  in  the  excited  state  (in- 
version splitting  - 35  cm’1),  where  rapid  inver- 
sion reduces  the  dipole-dipole  interaction  proba- 
bility. Thus,  we  can  expect  that  in  the  NH,  ground 
state,  inelastic  collisions  dominate,  and  all  the 
relaxation  rates  are  equal.  This  is  confirmed  in 
the  experiments  of  Ref.  12,  in  which  it  was  found 
that  in  an  NH,  ground-state  microwave  transition 
T,  = T2.  Accordingly,  in  our  analysis  we  set  yf 1 

= y«°. 

With  these  choices  for  the  decay  parameters 
the  change-signal  expressions  g(±)  become  func- 
tions of  the  single  unknown  parameter  y,a,  if  we 
neglect  the  small  contribution  from  orientation. 

In  fact,  it  should  be  possible  to  obtain  y,*  direct- 
ly from  the  observed  forward -backward  peak- 
height  ratio,  Eq.  (3),  without  the  need  of  a com- 
plete line- shape  analysis. 

However,  in  the  data  the  change-signal  areas 
are  not  equal  because  the  observed  resonances 
are  proportional  to  the  effective  intensity  of  the 
saturating  field,  which  differs  in  forward  and 
backward  directions  because  of  differences  in 
misalignment  and  attenuation  of  the  saturating 
beam  intensity.  Accordingly,  in  analyzing  the 
data  the  amplitude  scales  are  chosen  such  that 
the  areas  of  the  forward  an  backward  change  sig- 
nal are  equal,  as  required  by  Eq.  (2).  The  result- 
ing peak  height  ratio  of  1.58  * 0.10  [ Fig.  2(c)] 
gives  y,l  = 6.0±  1.0  MHz/Torr.  Using  this  value, 
along  with  the  other  decay  rates  in  Eq.  (1),  we  ob- 
tain theoretical  line  shapes  which  are  in  excellent 
agreement  with  the  experiment  [dashed  line  of 
Figs.  2(a)  and  2(b)].  The  experimentally  mea- 
sured peak-height  ratio  [Fig.  2(c)]  is  pressure 
independent  only  above  30  mTorr.  Below  this  val- 
ue pressure-independent  mechanisms  (transit 
time,  geometrical  broadening,  and  laser  frequen- 
cy fluctuations),  as  well  as  velocity- changing  col- 
lisions,1* are  expected  to  influence  dramatically 
the  width  of  the  narrow  component.  Their  net  ef- 
fect is  to  broaden  the  width  and  reduce  the  ampli- 
tiuic  of  the  narrow  signal,  relative  to  the  broad 
one.  This  causes  the  height  ratio  to  decrease 
1 Fig.  2c)|. 
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In  the  foregoing  experiments  the  non-Lorent- 
zian  forward  change  signal  was  produced  using 
applied  fields  having  crossed  polarizations.  T" 
demonstrate  the  inherent  polarization  dependence 
of  the  line  shape,  similar  experiments  were  done 
in  which  the  probe-field  polarization  was  oriented 
parallel  to  that  of  the  saturating  field  by  inserting 
a half-wave  plate  in  the  path  of  the  saturating 
beam.  A small  misalignment11  was  introduced  to 
separate  the  beams.  Figure  2(d)  compares  the 
resulting  line  shape  to  that  of  the  crossed-field 


case,  normalized  such  that  the  peak  heights  of 
the  two  signals  are  equal. 

Since  two  electromagnetic  waves  of  the  same 
polarization  and  same  propagation  vector  are 
equivalent  to  an  amplitude- modulated  excitation, 
a new  type  of  contribution  now  occurs,  originat- 
ing in  the  coherent  modulation  of  the  populations 
at  the  frequency  difference  between  pump  and 
probe  fields.  This  effect  causes  additional  nar- 
rowing of  the  forward  signal  if  ye"<ye2.  With  the 
use  of  the  tensorial  formalism,1"  the  change-sig- 
nal line  shape  is  now  given  by 


g„(<  ) ReL(2r)  L {96/yn'W76/y0J  + fl4tll9r,C(ya'V76£(yaJ)|}. 

•’  i 


(4) 


In  this  case  for  p > 30  mTorr  the  measured  for- 
ward-backward peak-height  ratio  is  1.9±0.15, 
in  excellent  agreement  with  the  value  of  2 pre- 
dicted by  Eq.  (4).  This  represents  a good  check 
of  our  normalization  procedure.  The  observed 
narrowing  of  the  line  shape  for  parallel  polariza- 
tion [ Fig.  2(d))  is  another  clear  evidence  of  M - 
changing  collisions,  since  for  yaK=ya°  Eqs.  (1) 
and  |4)  predict  the  same  line  shape,  contrary  to 
the  experimental  results.  A computer  fit  of  the 
signal  line  shape  using  Eq.  (4)  confirms  the  v;ilue 
used  for  y,  " (3.9  MHz/Torr).  We  also  observe 
that,  as  predicted  by  (1)  and  (4),  the  backward 
signal  is  independent  of  the  relative  polarizations, 
and  yields  the  same  value  for  T. 

The  good  agreement  obtained  here  between  ex- 
perimental and  theoretical  line  shapes  demon- 
strates the  usefulness  of  laser-induced  line  nar- 
rowing as  a novel  technique  for  studying  M -chang- 
ing collisions.  The  success  of  the  model  adopted, 
which  docs  not  include  velocity-changing  colli- 
sions, indicates  that  contributions  from  such  col- 
lisions arc  negligible  in  NT! .,  above  30  mTorr. 

The  measured  value  for  y€2  (6  MHz/Torr)  shows 
that  in  the  Nil.,  excited  state,  alignment-destroy- 
ing collisions  are  50%  more  probable  than  are 
inelastic  collisions  (4  MHz/Torr).  The  excess, 

2 Mllz  Torr,  corresponds  to  the  elastic  Af-chang- 
ing  collisions  which  are  induced  by  the  anisotrop- 
ic part  of  the  Nil  ,(/> )-NH.,(c)  interaction  potential. 
The  interpretation  of  the  above  result,  which  ne- 
cessitates the  knowledge  of  the  various  contribu- 
tions to  lh<'  interaction  ixilcntial  (such  as  dipole- 
quadrujHile,  quadruj>olc-quadru|x>le,  etc.),  is  un- 
der way.  Finally,  we  note  the  complementarity 
of  our  work  to  the  ones  by  Ouhayoun,7  Shoemaker, 
Slenholm,  and  Brewer"  and  Johns  cl  nl.,''  where 
Af -changing  collisions  have  been  analyzed  by  ob- 
serving narrow  change  singnals  in  Stark-splil 


sublevel  transitions.  The  originality  of  our  tech- 
nique is  that  it  does  not  need  any  external  (Stark 
or  Zeeman)  field,  and  that  it  gives  a straightfor- 
ward interpretation  in  terms  of  tensorial  relaxa- 
tion rates. 
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ABSTRACT  ; 

— 

Theoretical  and  experimental  studies  are  made  of  the  energy  flow  into 

and  among  the  vibrational  degrees  of  freedom  of  polyatomic  molecules  due 

to  V-V  collisions  following  intense  laser  excitation.  Simple  -eloc-ed 

* , 

feit.i  expressions  are  derived  for  predicting  the  energy  extracted  by 
diatomic  and^polya  tonic  molecules  from  a saturating  laser  pulse.  A new 
method  for  measuring  the  energy  stored  in  the  vibrational  degrees  of 
freedom  is  introduced  and  a model  for  predicting  the  steady  state  par- 
titioning of  energy  in  polyatomics  is  applied  to  CH^F. 
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I.  INTRODUCTION 


The  interaction  of  intense  laser  fields  with  molecular 
systems  and  the  subsequent  inter-molecular  processes  is  an 
area  of  great  interest  among  physicists  and  chemists.  The 
laser  has  become  an  excellent  tool  for  probing  the  flow  of 
energy  within  the  internal  degrees  of  freedom  of  a molecule, 
and  it  provides  a powerful  method  for  obtaining  high  levels 
of  excitation.  Conversely,  the  increased  knowledge  of  energy 
absorption,  transfer,  and  relaxation  processes  in  molecules 
has  led  to  new  and  improved  lasers,  with  many  more  possibili- 
ties ahead. 

Very  little  is  known  about  the  detailed  kinetics  involved 
in  the  energy  absorption  process  in  molecules,  nor  has  the 
redistribution  of  absorbed  energy  among  the  vibrational  de- 
grees of  freedom  of  polyatomics  been  fully  understood.  Be- 
cause of  the  spectroscopic  complexities  and  the  lack  of  in- 
formation on  interaction  potentials,  collisional  rate  constants 
and  energy  flow  mechanisms,  polyatomic  molecules  have  not  been 
investigated  as  thoroughly  as  some  diatomics. 

This  paper  presents  a detailed  theoretical  and  experi- 
mental study  of  energy  absorption  and  transfer  in  a poly- 
atomic molecule  from  intense  resonant  laser  pulses  in  the 
regime  where  the  energy  flow  is  determined  by  V-V  collisions. 
This  is  different  from  the  studies  of  Letokhov  and  others, ^ ^ 
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which  are  concerned  with  collisionless  cascade  excitations 
characteristic  of  shorter,  more  intense  laser  pulses. 

The  theoretical  work  investigates  both  a single  mode 
oscillator  and  one  with  two  collisionally-coupled  modes.  We 
use  the  collisional  rate  equations  for  vibrational  energy 
transfer,  as  in  the  works  of  Shuler  and  others, ^ ^ with  the 
addition  of  two  important  features:  (1)  a laser  pumping  term, 
and  (2)  the  assumption  of  a quasi-equilibrium  among  the 
vibrational  levels  not  directly  connected  to  the  laser  field, 
which  provides  a relationship  between  the  populations  of  all 
the  levels.  In  the  case  of  a single  mode  oscillator,  simple 
expressions  are  derived  for  predicting  the  energy  absorbed 
during  the  laser  excitation.  The  addition  of  one  other  vib- 
rational mode,  collisionally  coupled  to  the  first,  is  considered 
in  some  detail.  A general  formula  is  derived  and  discussed  in 
relation  to  the  one  mode  case;  it  is  found  that  the  influence  of 
the  second  mode  on  the  absorption  process  dramatically  depends 
on  its  energy  spacing  relative  to  the  spacing  on  the  energy 
absorbing  mode.  Numerical  solutions  of  the  population  rate  of 
change  equations  are  used  to  justify  the  quasi-ecuilibrium  as- 
sumptions, and  the  agreement  with  theory  is  quite  good. 

The  experimental  work  studies  the  absorption  of  the  P(32) 

. 13 

line  of  CO 2 by  CH^F,  an<3  the  subsequent  energy  transfer  among 
the  modes  of  the  molecule.  Fitting  the  single  mode  model  to 
the  measured  absorption  leads  to  a determination  of  Yvv/  the 
W collision  rate  constant  for  the  mode.  In  addition, 
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the  partitioning  of  the  absorbed  energy  among  the  several  vib- 
rational modes  is  determined  by  means  of  a technique  for 
measuring  the  absolute  energy  stored  in  a particular  mode. 

This  technique,  which  involves  the  use  of  a "cold  gas"  filter, 
is  described  in  detail.  Knowledge  of  the  partitioning  of 
energy  then  allows  confirmation  of  a specific  flow  path  for 
the  transfer  of  energy  between  the  modes  of  CH^F. 

Interest  in  laser  development,  laser  induced  chemical 
reactions,  and  chemical  lasers  requires  a detailed  understanding 
of  the  molecular  processes  involved.  The  rate  constants  and 
paths  of  energy  flow  during  and  after  excitation  govern  the 
gain,  power  outputs,  reaction  rates,  mode  specific  excitation, 
etc.  Once  the  transient  mechanisms  of  energy  absorption  and 
transfer  are  understood,  a vast  set  of  applications  await  them. 
It  is  hoped  that  the  present  work  contributes  to  that  under- 
standing. 

Some  of  the  concepts  and  data  presented  here  are  outlined 
in  Reference  . A detailed  treatment  is  given  here. 

II.  THEORY 


A.  Introduction 

Consider  the  interaction  of  a resonant  laser  pulse  of 
carrier  frequency  to  and  duration  t with  a particular  rotational- 
vibrational  transition  from  the  ground  vibrational  state  of  a 
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molecule  to  its  first  excited  vibrational  state  (Fig.  la). 

The  amount  of  energy  the  molecule  can  absorb  depends  on  x . 

As  t is  increased  three  distinct  regimes  can  be  considered. 

P 

1)  When  ip  is  short  compared  to  the  rotational  relaxation 
time,  x , then  only  the  fractional  population  ZT  of  molecules 
in  the  particular  rotational  state  J of  the  ground  vibrational 


state  can  be  excited.  Therefore,  if  the  pulse  is  intense 


enough 


( ) 


to  saturate  the  transition  then  only  the  energy 


-Z  fUi)  can  be  absorbed  by  the  molecule  on  the  average. 
^ J 


2)  When  x is  on  the  order  of  then  the  rotational 

p RR  J 

populations  of  both  the  upper  and  lower  vibrational  states 
have  time  to  reach  a new  equilibrium  during  the  laser  pulse. 

In  this  case  the  total  population  in  the  upper  and  lower  vibra- 
tional states  can  equalize,  and  the  average  energy  absorbed 
by  the  molecule  is  Tjfiw. 

3)  When  Xp  is  longer  than  the  characteristic  time  for 
vibrational-vibrational  energy  exchanging  collisions,  x ^ , 
and  both  times  are  longer  than  xDD/Z  then  additional  energy 
can  be  absorbed  and  stored  by  the  molecule  as  vibrational 
energy.  ^ ^ When  this  condition  is  satisfied  the  rotational  struc- 
ture becomes  unimportant  and  the  system  reduces  to  that  of  a 
simple  vibrational  oscillator.  This  last  regime  is  the  subject 


| 


"V 


-5- 


of  this  work. 

For  example  consider  the  process  in  which  two  molecules 
in  the  v = 1 state  collide  and  exchange  energy,  producing  one 
molecule  in  the  v = 2 state  and  one  of  the  v = 0 state.  The 
result  is  that  energy  has  been  carried  up  the  vibrational  lad- 
der and  a molecule  has  been  returned  to  the  ground  state  where 
it  can  again  absorb  energy  from  the  laser.  Energy  will  con- 
tinue to  be  absorbed  through  processes  of  this  kind,  until 
the  laser  pulse  length  becomes  comparable  to  tvt,  the  charac- 
teristic time  for  translational  energy  transfer.  Thus,  under 
appropriate  conditions  many  quanta  can  be  stored  as  vibrational 
energy. 

This  process  is  analyzed  theoretically  in  the  following 
sections.  Section  II. B.  treats  the  case  of  a molecule  with 
only  one  vibrational  mode,  as  in  a diatomic  molecule.  In 
Section  II. C.  the  addition  of  another  vibrational  mode  is  con- 
sidered, in  an  attempt  to  obtain  an  understanding  of  the  vibra- 
tional energy  absorption  process  in  a polyatomic  molecule 
such  as  CH^F.  Computer  results  will  be  used  throughout  to  verify 
the  analytical  results  and  check  the  assumptions.  A treatment 
of  the  conditions  necessary  for  ignoring  the  rotational  structure 
is  given  in  the  Appendix. 

B.  One  Mode  Model 

If  we  denote  Ev  as  the  probability  of  a molecule  being 

in  state  v,  where  the  density  in  state  v is  N = P N (N  is  the 

v ~v 
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total  number  density  of  molecules  in  the  system) , the  rate 


equations  describ: 

Lng 

the 

interaction  o 

f the  1. 

aser 

with 

the 

oscillator  system 

may 

be 

written  a 

s 

JP.  . 

3t  ' 

at  J 

c 

(F. 

JP  _ 

t>?: 

) 

o. 

(1) 

At 

at 

Jc 

aPv  . 

) 

V > 

Z 

jt 

at 

where 

3Pv/9t)c  is 

the 

contribution 

due 

to  V-V 

collision 

s and 

yp  is 

the  effective  rate 

constant 

desc 

ribing 

the 

energy 

flow 

system 

due  to  stimula 

ted 

emission 

and 

coll isions . 

[The 

ex- 

pressi 

on  for  y i: 

p 

3 given 

in  Eq.  (A 

-15) 

of  the 

Appendix. 

1 

This  expression  assumes  that  the  laser  pulse  duration  is 
sufficient  so  that  the  rotational  structure  can  be  ignored 
(the  conditions  are  given  in  the  Appendix) , and  that  the  laser 
intensity  is  such  as  to  only  couple  to  the  v = 0”1  vibrational 
transition,  collisionless  multiple  photon  absorption  processes 
being  negligible.  Relaxation  due  to  VT  processes  is  also  as- 
sumed to  be  unimportant,  as  in  the  case  when  t <<  t The 

p VT 

treatment  will  be  generalized  to  include  VT  processes  below. 

If  we  assume  resonant  binary  V V processes,  and  dipole- 
dipole  collisions  in  the  harmonic  oscillator  approximation,  the 
process  has  a probability  rate 

Therefore,  the  collision  part  of  the  coupled  rate  equations  can 
be  written  as ^ ^ 

fi  = tZ  f -p.e..] 

v'to 

f (v't.VtiVlPvM  “ \ . (2) 


the 
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Here  Yyy  is  defined  such  that  for  an  isolated  three  level 
system  (v  = 0,1,2), 

t - Ml  -aMftP.-f.r.)  > 

where  is  the  characteristic  "up  the  ladder"  collision 

rate. ^ ^ Equation  (2)  may  be  simplified  by  using  the  con- 

dition of  number  conservation 

2L  Pv  ~ 1 > (3) 

v = o 

and  noting  that  the  mean  number  of  quanta  stored  in  an  os- 
cillator is  given  by 


Vlbr*4i»n»i 

yv\o  Iconic 


. (4) 


Thus , 


ft).  = ?K(z<*',£  +vlPv  * vepv„  .(5, 


We  now  wish  to  examine 
the  laser  saturates  the  v = 


the  problem  in  the  limit  in  which 
0+1  transition  ^ ^ such  thht 
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I 


clPo  ciP, 

d-t  " J-t 


(6) 


That  is,  the  time  rate  of  change  of  levels  0 and  1 are  locked 
together,  so  that  if  one  changes  the  other  follows.  Therefore, 
using  Eqs.  (1) 


P.-P 


Thus,  it  can  be  seen  from  Eq.  (5)  that  P^-P^  is  at  most  of 
order  yw/2yp.  So,  if 


XYV  <<  2Xp  J (7) 

then 


P.  = P. 


(8) 


Accordingly,  (7)  is  a sufficient  condition  for  equalizing 

the  populations  of  the  v = 0 and  v = 1 levels  for  all  time, 

and  thus  insures  (8)  and  (6).  Note,  however,  that  we  must 

allow  the  product  ^p(PQ-Pp)  to  non_zer°/  but  as  yet  unspecified. 

Let  us  now  find  an  expression  for  the  time  rate  of 
change  of  vibrational  energy  per  molecule.  Taking  the 
derivative  of  Eq.  (4)  and  using  Eqs.  (1) 

€ = £*£  - £ * ni  * VCe.-P)  . 


V"  o 


v:o 


Substituting  Eq.  (5)  one  obtains  21  v ^vj4  - 0 , as  expected, 

6 

since  energy  is  conserved  in  the  collisions  in  this  model. 
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Thus , 

£ = SP  (f.'P.)  } (9) 

and  the  rate  equations  become 

~ )c  ^ ) (10a) 

P.  = Si)*  + * ^ dOb) 

k ~ Mv)<  v-2'  * doc) 

The  e term  may  be  considered  as  a perturbation,  not  neces- 
sarily small,  on  the  usual  collisional  relaxation.  The  W 

processes  attempt  to  drive  all  the  populations  to  a Boltzmann 
. . ( ) 

equilibrium,  but  the  e term  offsets  the  process  by  main- 

taining nearly  equal  populations  in  v = 0 and  v = 1.  As  a 
result,  W collisions  pump  molecules  to  higher  vibtational 
levels,  with  the  laser  supplying  the  necessary  energy. 

Using  Eqs.  (5)  and  (10)  with  and  P^  = P^ 


i p p 

6 = T r»  *•  * (ii) 

This  equation  gives  e once  P^t)  is  known.  Conversely,  P]L  (t) 

can  be  found  once  e is  specified  as  a function  of  t or  P^ . 

The  fact  is,  e = YpCPp-P^)  is  an  unspecified  parameter  other 
than  the  requirement  Pq (t) *P^  (t) . 

This  difficulty  can  be  overcome  by  taking  advantage  of 
the  fact  that  the  vibrational  levels  v > 2 are  all  in 
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0 


L 


equilibrium  with  respect  to  the  v = 1 level.  This  can  be 
understood  in  the  following  way.  With  the  tendency 

of  the  collision  terms  in  Eqs . (10a)  and  (10b)  is  to  increase 

Pq  and  decrease  P^  [cf.  Eq.  (2)].  However,  the  e terms  in 
these  two  expressions  oppose  these  changes  and  sufficiently 
retards  the  relaxation  of  these  two  levels  so  that  they  can  be 
considered  slowly  varying  on  the  W time  scale. ^ ^ The 

remainder  of  the  levels  then  come  into  equilibrium  with  the 
v = 1 level  in  a time  X/VvV  Thus,  the  vibrational  popula- 
tions can  be  described  by  an  effective  temperature  in  the  form 


Pc 

Pv 


p.  = 

P a 


P 

(v-.)e 


(12) 


where  0 = /kTv,  with  Tv  being  the  time-dependent  effective 
vibrational  temperature  of  the  v = 1-*-°°  vibrational  levels  re- 
lative to  the  v = 1 level.  This  assumed  time  dependent  quasi- 
equilibrium distribution  is  verified  by  computer  solutions  of 
Eqs.  (1)  and  (2) . Figure  compares  the  distribution  of  Eq.  (12) 
with  the  rate  equation  predictions  for  a value  of  Yp/Yvv  = 100. 

As  can  be  seen,  the  overall  agreement  is  excellent.  The  small 
discrepancies  are  inconsequential,  since  e (t)  is  determined  by 
a sum  over  the  Pv's  and  is  not  very  sensitive  to  individual 
values . 

Substituting  (12)  into  (3)  and  (4),  and  solving  for  e in 
terms  of  P 


6 = o-nVp 


(13) 


and 


£ 


Li! 

p* 


F 


(14) 


This  gives  an  independent  expression  for  e (P)  , as  desired. 
Equating  the  two  expressions  for  e,  (11)  and  (14),  one  obtains 
a differential  equation  for  P 


p [z  - ^ ^ » <15> 

which  can  be  easily  integrated  subject  to  the  relevant  boundary 
conditions.  Since  the  laser  saturates  the  v = 0->-l  transition 
on  a time  scale  substantially  shorter  than  the  characteristic 
W time  [see  Eq.  (7) ] , the  appropriate  boundary  conditions 
are 


? (t*©)-  =-  = -L  . {16) 

Thus 

p*a  + yfUzp  - yvvTp  + 4 . (17) 

This  simple  expression,  together  with  Eq.  (13),  determines  the 
number  of  quanta  per  molecule  absorbed.  Note  that  e is  entirely 
determined  by  the  product  of  the  W rate  constant  and  the  laser 
pulse  duration,  which  is  roughly  the  number  of  V-V  collisions 
occurring  during  the  laser  pulse.  Neither  the  laser  intensity 
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nor  any  other  parameters  enter  in.  Values  of  e(t)  predicted 
by  Eqs.  (17)  and  (13)  are  in  precise  agreement  with  computer 
solutions  of  the  coupled  rate  equations  (1,2)  (Fig.  ). 

This  solution  has  interesting  forms  for  the  limiting  values 
o£  Wp-  For  Wp  « 1-  p lWp)  doesn't  change  much  from 
its  initial  value  and 

6 - "k  + \ ^vV^p  * (18a) 

Thus,  in  the  initial  part  of  the  pulse  the  energy  stored  increases 
linearly  with  time.  In  the  other  extreme,  when  YyyT  >>  1, 

P (YyyTp)  <<  1 and  consequently 

£ ~ VCT p (18b) 

This  expresses  the  fact  that  the  energy  absorption  becomes 
more  like  a random  walk  (YyyT  = number  of  W collisions) , since 
higher  states  are  populated  and  energy  can  flow  down  the  vibra- 
tional ladder,  as  well  as  up.  Furthermore,  in  these  two  limits 


P.  * P.  - 


Jvv 


tfvvt  « I 


p.  * p.  * - 


2-<*wt)V*  VV  » 


Vwi  >>  I 


so  that  Pq  and  P^  do  change  at  a rate  substantially  slower  than 
the  charateristic  VV  rate,  which  is  consistent  with  as- 

sumption (12)  . 

According  to  the  results  so  far,  any  desired  amount  of 
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of  laser  energy  can  be  transferred  to  the  molecule  by  using 

a laser  pulse  of  sufficiently  long  duration.  In  actuality, 

vibration- to-translation  (VT)  relaxation  processes  place  an 

upper  limit  on  the  maximum  amount  of  stored  energy.  For 

pulses  exceeding  tvt,  the  VT  relaxation  time,  some  of  the 

stored  vibrational  energy  will  be  converted  to  translational 

energy.  Thus,  for  t ^ T,,m  the  amount  of  stored  vibrational 

p VT 

energy  reaches  a limiting  value. 

To  include  the  influence  of  VT  processes  one  must  include 
this  interaction  in  the  rate  equations.  For  this  the  term 


*vr  [(*‘0  ( Pvi  -'l  ft)  - v (fv  - aPv.,)  ] 


must  be  added  to  each  of  Eqs.  (1) , where  yVT  ■ 
VT  relaxation  rate  ^ ^ and  is  given  by  = e 
sary  for  detailed  balancing.  ^ ^ In  this  case 


XVT 

-hw/kT 

t 

Eq.  (9) 


is  the 

as  is  neces- 
becomes 


£ + sVT  (e -i(fc  + iV)  = p.) 


using  the  expression  for  the  laser  pumping  term  in  the  revised 
Eqs.  (1),  with  Pq  = and  P^  = P^,  and  the  expressions  for  £ 
and  e from  the  temperature  assumption  [Eqs.  (13),  (14)],  the 
differential  equation  for  P becomes 


When  the  system  comes  into  thermal  equilibrium  (i.e.  the 
vibrational  temperature  equal  to  kinetic  temperature,  T ) 
this  choice  of  causes  y^)VT  c 11  E 


V . 
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This  can  be  integrated  with  the  initial  condition, 

P (t  = 0)  = 1/2,  as  before.  For  Y|  <<  1 and  y^  >>  y ^ 
(the  usual  case)  the  energy  per  molecule  is 


(20) 


valid  for  Tp  £ tVT'  t^us'  f°r  laser  pulses  longer  than  a 
few  rVT  the  number  of  quanta  per  molecule  reaches  the  limiting 
value  • Thus,  VT  processes  place  an  upper  limit  on  the 

amount  of  laser  energy  which  can  be  vibrationally  stored  in 
the  molecule. 

Finally,  Eqs.  (1)  with  VT  interaction  but  without  the 
laser  (after  the  laser  pulse  is  terminated)  have  the  expected 
solution  for  t > xp  e (t)  = eQ  +[e(Tp)-eQ]  exp  [- yyT  (t-Tp)  ] 
where  =*V(1->1)  is  the  energy  of  the  oscillator  system  at 
room  temperature. 

It  should  be  noted  that  this  model  becomes  inadequate  for 
cases  in  which  the  laser  induces  substantial  population  into 
high  lying  levels  in  which  there  is  a significant  degree  of 
anharmonicity . This  is  so  because  an  anharmonic  oscillator 
does  not  evolve  toward  equilibrium  through  a continuous  series 
of  Boltzmann-like  distributions,^  ^ hence  assumption  (12) 
becomes  inadequate.  To  get  an  idea  of  when  this  effect  becomes 
important  assume  that  the  temperature  assumption  of  Eqs.  (12) 
is  still  approximately  valid  and  notice  that  Eqs.  (3)  and  (4) 
for  small  P lead  to 


Pv  - 


P e(v-°/£ 


* 
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Thus,  if  the  degree  of  anharmonicity  is  not  significant  up  to 
vibrational  level  v = 10,  for  instance,  then  the  model  remains 
valid  for  energy  absorption  of  up  to  4 or  5 photons.  After 
that  anharmonicity  effects  such  as  bottlenecking,  Trainor 
pumping,  etc. ^ ^ may  become  important. 
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subsecpuent  vibrational  partioning,  induced  by  vibrational 
collisions,  nave  been  studied  in  methyl  fluoride.  This  molecule 
was  chosen  because  of  several  features  which  make  it  •.-.•ell  suited 


>r  our  stuaies. 


it  tractive  tea  cures 


of  rethvl  fluoride  are: 


- - (a)  A strong  C~~r'  F absorption  resonance  coincides  with 

y > 

a strong  CO^  laser  line"  ' , (b)  in  methyl  fluoride  the  relaxation 


processes  obey  the  relations  x rp<<' 


, (c)  its  energy 


flew  path  and  kinetics  in  the  low  excitation  regime  has  been 
well  establ ished  .and  (a)  fluorescence  abservea  from  emission  by 
the  vibrational  modes  make  it  possible  to  study  partitioning  of 
the  vibrational  energy  after  the  laser  excitation  process  is 
completed . 

Strong  fluorescence  from  the  C-F  stretch  mode,  near 

£>.6  lis,  and  the  C-H  stretch,  v.  and  v near  3.4  urn,  have  been 

( 3 ) 

observed.  Weaker  but  observable  emissions  also  have  been 

reoorted  from  the  bonding  modes,  v and  v , near  6.8  urn  and  the 

As  / 1 ,1  . Ill  /...  „//  J,„Li  -Jr 

met'nyl  rock  mode,  near  8.8  pm.'"  ^ *-  - " 1 * * 

These  fluorescing  modes  have  provided  much  information 
about  relaxation  processes  in  methyl  fluoride.  The  rotational 

relaxation  time  in  methyl  fluoride,  measured  from  pressure 

. “9(15) 

boredening  data,  was  reported  to  be  8x10  sec.  x.7  and 
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techniques  with  reported  values  of  0.83  psec-torr 


1.6?  :w  -'C-  r orr  r sp--ct.ive.ly. 


B.  Experiment 

The  'jjiti  P(32)  TEA  CO ^ laser  line  falls  within 

25  EHz  of  the  v,  C»T  = 0 ,1)  R(4,3)  transition  of  13CH,F.  Laser 
3 3 

pulses  were  typically  2-3  nsec  duration  with  energies  <_  0.25 

Joules,  sr, all  enough  to  avoid  appreciable  absorption  by  colli sionless 
(16,17)  


processes , 


but  sufficiently  large  to  ensure  co.rolete 


saturation  or  the  Doppaer  pronrs.  Single  mooe  output  or  tr.e 
later  r step  it- 
erating coupiedA?-a-dr:ry  was  ensured  by  placing  apertures  inside 

the  cavity.  Care  was  taken  tc  avoid  mode  locking  "which  could 

produce  ambiguities  in  the  data  analysis.  The  long  pulses, 

necessary  to  insure  many  V-V  collisions  during  the  laser  excitation 

process,  were  obtained  by  a justing  the  nitrogen  content  of  the 

laser  gas  mixture. 

The  laser  output,  collimated  to  a 6 mm  spotsize,  was  passed 
through  an  18  cm  glass  absorption  cell.  A KCl  beam  splitter  was 
placed  in  front  of  the  cell  to  sample  a portion  of  the  incident 
beam  for  monitoring.  Both  the  sample  beam  and  the  transmitted 
beam  were  scattered  off  coarse  aluminum  surfaces  to  avoid  the 
viewing  of  hot  spots  by  two  Au:Ge  detectors  whose  outputs  were 
integrated  by  an  RC  circuit  ana  viewed  on  a dual  beam 
oscilloscope.  A Scientech  362  energy-power  meter  was  used  to 
calibrate  the  detectors  and  establish  their  linearity.  Gas 

*5  "1  ^ 

samples  used  were  90%  and  10%  vH^F  from  Iherk,  Sharp,  and 

Don me  of  Canada.  The  appropriate  factors  for  the  isotopic  purities 
■ : ed  ■ r a Inc?  ..  dod  in  ail  -■  alysis. 

The  volume  of  the  interaction  region  was  carefully  estimated 
o wi'  hin  1 0r  . The  maaber  of  CO-  guant.a  absorbed,  p,  was  obtained 
• ■'  • . ■ ’ .-.'ivit  or  . n ".'m'  so.  ad  Van  the  ‘ . r ..a.; 
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m the 

interact 
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mease red 

pu: 

As  can 
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r 
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absorbed  vs  ^CH.F  Pressure.  As  car.  be  s sen,  jv  rises 
ronotonically  up  to  a value  of  2.6  quanta  absorbed  at  6.C  torr, 
at  which  point  it  starts  to  decrease.  This  decline  is  due  to 
absorb :: ion  of  trie  laser  oulse  as  it  transferees  the  cas  samrde. 


As  explained  in  the  orevious  section,  the  condition , I >'b>u.v„)  ijVv'/ 
j nest  be  satisfied  in  order  for  efficient  vi braricr ai  hearing 
to  occur . At  hinder  pressure,  however,  sufficient  attenuation 
occurs  so  that  the  laser  intensity  is  reduced  below  this  value 
before  the  end  of  the  sample  cell,  leading  to  a reduction  in  V-V 
heating  efficiency.  ^ The  use  of  a shorter  cell  would  not  have 
permitted  sufficient  observable  absorption  for  accurate  measurements 
below  3.0  torr. 

The  data  was  analyzed  using  the  model  discussed  in  Section  III. 
The  assumotions  made  in  the  derivation. 


T < T < T < T 
RR  W p VT, 

are  all  satisfied  in  CH^F.  As  exolained  in  Section  II,  analytical 

o 

result  of  eq.  i 5_  should  be  accurate  to  within  20%;  accordingly, 
this  simple  expression  was  used.  Taking  the  experimental  value 


or 


j.  ... 


oulse  duration,  t 3 usee,  ec.  ip  v. as  fit  to  toe 

* p ' 

SF?- 

data  points  of  figure  -ha  by  varying  the  single  parameter  Yy_y 

-r  SF2-  , . ’ 

jhe  best  fit  (solid  curve  of  figure  h-a)  resulted  in  a value  of 

■.  ,,  r'.Z'~  0 . 2 ■r.-.'C  ‘ torr  * , bo  s igni  :i  can  t i:.  ;«rov  .'nt  in  fit 

could  be  gained  by  using  the  two  mode  v . ..  -cb-r-r  model  of  Section  II. 
z . • '•  hi c.*  s of  error  in  ' lie  quoted  value,  are  unce'*t‘i in',  ty 

■ „ md  1 e t r a 1 1 onS  o : c . • <u ; c a pi  i • .• . 
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This  value  is  within  experimental  error  of  the  Earl  and  Sonntl9) 
value  of  1.2  ± . 3 usee  1 torr  1 mcasurCwJ  using  laser  induced 
fluorescence  techniques . 

As  explained  ear'ier,  efficient  W heating  car.  only  occur  in 
the  absence  of  a rotational  bottleneck.  The  necessary  condition, 
derived  in  the  Appendix,  is  = i_  <<  t. 


"B  1 R 


V-V. 


Hcv;ever , if  this  inequality  is  not  s 


atisfied  by  the  pure  absorbing 


cas,  a buffer  gas  can  be  added  to  decrease  t^,  hence,  tp.  To  test 

for  the  presence  of  a bottleneck,  energy  absorption  experiments  were 

/ 

performed  at  a fixed  CH_,F  pressure,  5.0  torr,  while  different  amounts  o: 
argon  was  added  up  to  500  torr.  Argon  was  chosen  br^'ause  this  heavy 
inert  atom  should  leave  the  V-V  rate  unaffected  but  should  increase 
the  rotational  collision  rate,  T , v;ithout  appreciablv  deactivatina  the 
level  populations  via  V-T  processes. 

> 

The  pressure  broadening  of  by  argor.2  was  estimated  to  be  n 

3 MKz/torr,  by  comparison  of  j^essure  broadening  data  in  references 
[20,  21,  29,  30l  The  CH_,In^elf  broadenino  is  40  MHz/torr.  -phus, 

J Jr  ' 1-700 

500  torr  of  argon  wou-i'd  broaden  the  2 00  MHz  CH_ F lines  to  14-0-3  ; gp; . 

y 

Tms  represents  a/dactor  seven  increase  m the  rotational  collision 


time  given  by 


’r-r  “ Vrtv 


It 


r v 

where  Av  is  the  linewidth  (F\vHM)  . This  gives  t„  D 'u  0_iP3  nsec  at 

500  torr  argon,  more  than  sufficient  to  r -move  any  potential  bottleneck 
However,  the  transmitted  intensity  vs,  argon  pressure  indicates  no 
detectable  increase  in  the  energy  absorbed  as  argon  was  added. 


r 


{ - We  could  then  conclude  that  in  pure  CH.F,  no  rotational  bottle 
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This 


conflict  with  experimental  observations  suggest  that  maybe 
is  inaccurate  due  to  the  J-cepencence  of  the  pressure  broaden inc. 
Also,  the  unequal  distribution  of  population  among  the/j,K)  states 
with  a large  concentration  in  the  K = 3,  6,  9...  states  can  shorten 
the  number  of  collisions  necessary  for  transfer  of  molecules  into 
the  (J  -A,  K = 3)  state  for  pumping.  Nevertheless,  experiment 
establishes  the  absence  of  bottleneck  effects,  and  to  resolve 
this  ci  screcancv  wcuire-s  a more  careful  examination  of  the  tar  a:  at*-: 


Tk-  p and  how  it  is  used  here  .at, 


IV.  Energy  Distribution  in  CH^F 

To  establish  that  for  times  <<T^t  the  absorbed  energy  re- 
sides in  the  vibrational  degrees  of  freedom,  the  time  evolution 
of  the  fluorescence  from  thejl^4— urn  C-F  stretch  mode  (v.)was 
monitored  by  a Cu:Ge  detectorT^  Irfthe  pressure  range  of  the 
experiments  the  fluorescence  was  always  in  the  form  of  a rapid 
rise,  governed  by  the  duration  of  the  laser  pulse,  followed 
by  a long  (~  ms)  decay,  determined  by  the  V-T  relaxation  pro- 
cesses. The  3.3  m C-H  stretch  (v^v^)  an<^  6.8  pm  bend  (v2'v5^ 
fluorescence  bands  exhibited  the  same  temporal  behavior  as  v , 
This  indicates  fast  intermode  V-V  rates  and  that  a vibrational 
steady  state  among  the  modes  is  reached  soon  after  the  laser 
pulse  terminates. 

A.  Cold  Gas  Filter  Analysis  of  Mode  Temperature 

Since  the  absorbed  energy  is  distributed  among  all  the 
vibrational  modes,  it  is  important  to  determine  how  much  is 
stored  in  each.  Absolute  measurements  of  fluorescence  inten- 
sities from  each  mode  could  provide  this  information  but  such 
are  difficult  and  imprecise.  A new  technique,  which  utilizes 
the  fact  that  a steady  state  is  rapidly  established  among  the 
vibrational  modes,  was  used  to  measure  the  energy  stored  in 
the  mode.  In  this  technique  the  peak  f luourescence  is  first 
observed  after  it  passes  through  an  empty  "cold  gas  filter" 


cell  to  give  1(0).  Then,  methyl  fluoride  gas  at  room  temperature 


is  introduced  into  this  cell  to  remove  the  v = 1 -*■  v = 0 


component  of  the  fluorescence,  giving  I(0)-I^q.  This  "cold” 
gas  (room  temperature)  is  an  ideal  filter  for  the  v = 1 ->■  v = 0 
fluorescence  since  its  absorption  frequencies  match  the  emission 
frequencies  line  for  line,  and  only  the  vibrational  ground  state 
is  significantly  populated.  Th&  small  anharmonicity  (18  cra"^) 
is  sufficient  to  prevent  the  absorption  of  fluorescence  from 
higher  lying  levels. 

The  ratio  0 is  an  easily  measured  quantity  which 

determines  the  vibrational  temperature  or  energy  content  of 
the  mode  in  question.  At  higher  temperatures  more  of  the  fluor- 
escence arises  from  higher  lying  vibrational  states  and  the 
ratio  tends  to  unity.  At  lower  temperatures  the  fluorescence 
is  primarily  and  the  ratio  tends  to  zero. 

Describing  the  vibrational  level  populations  of  the 
mode,  vibrational  frequency  v^,  by  a Boltzmann  distribution 
at  temperature  T^,  the  fluorescence  intensity  arisng  from 
a particular  vibrational  transition  is 


V-, 


(1) 


where 


f3 3 = . Iv#  v ^ is  the  net  fluorescence  intensity 


summed  over  the  individual  rotational  quantum  numbers  J,K. 
Thus  |yf  , is  the  vibrational  transition  moment  and  the  re- 

V / V X 


maining  factor  is  proportional  to  the  total  population  of 
level  v.  Assuming  harmonic  oscillator  transition  momont  matrix 
elementsj  V-1  - v|.i^ 1 Q the  ratio  becomes 

icow°  ^ i-d = l- (l+^y2,  (2i 

1(0) 

where  is  number  of  vibrational  quanta  stored  in  v^. 

This  equation  is  valid  when  the  I^q  component  is  com- 
pletely removed  by  the  cold  gas  filter.  In  practice,  however, 

several  problems  are  incurred  in  achieving  this.  The  v = 1 
to  v = 0 fluorescence  is  composed  of  many  rotational-vibrational 
lines.  The  intense  emission  lines  are  absorbed  strongly;  con- 
versely, the  weak  emission  lines  are  absorbed  weakly.  A 
similar  effect  occurs  because  each  rotational-vibrational  line 
is  Doppler  broadened  and  the  wings  of  its  profile  are  absorbed 
more  slowly  than  its  line  center.  As  a result  the  curve  of 
transmitted  intensity  I(P')  versus  cold  gas  filter  pressure  P* 

is  not  a single  exponential  but  instead  has  a long  tail. 

In  principle  all  of  I^Q  can  be  filtered  out  by  increasing 
the  optical  absorption  length,  proportional  to  P'L'  in  the 
Doppler  regime.  However,  signal  is  lost  to  solid  angle  if  L', 
the  filter  cell  length,  is  made  too  long.  Furthmore,  if  the 
pressure  P’  is  increased  too  much,  the  1^  absorption  lines 
may  be  pressure  broadened  sufficiently  to  overlap  rotational- 
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vibrational  lines  of  higher  vibrational  transitions.  To  avoid 
these  problems  the  dependence  of  on  P'L'  was  determined 

by  considering  the  absorption  of  each  individual  rotational- 
vibrational  emission  line  and  summing  over  J,K. 

The  spontaneous  emission  intensity  of  an  individual  line 
(J,K  J ' K ' ) is  determined  by  the  population  of  its  upper  state 
and  its  matrix  element.  Both  are  functions  of  the  rotational 
quantum  numbers.  Similarly,  its  absorption  by  the  cold  gas 
filter  is  dependent  on  the  matrix  element  and  the  population 
difference  between  its  upper  and  lower  states.  Neglecting  for 
the  moment  the  non-zero  linewidths  of  the  rotational-vibrational 


transitions,  we  have 


I,„  l*)  < £,  L 

pqr  jk. 


- c<  , , pV 

> JK-JH  1 


with  absorption  coefficient 


^K-rV  “ (4) 

U 

where  C is  a known  constant.  Here  NTt,  and  are  the 

J K J K 

populations  in  the  upper  and  lower  states,  respectively 

(including  statistical  weighting  factors  for  nuclear  spin  and 

K degeneracy)  and  hi ? t,v>  is  the  matrix  element  for  the 

( 21 ) 

branch  considered  (P,Q,R) . The  value  for  the  transition 

dipole  moment,  necessary  for  calculating  was  deter- 


The  effects  of 


mined  from  known  absorption  coefficients. 

Doppler  broadening  (non-zero  linewidth)  are  included  by  re- 
placing the  single  exponential  e aJK-J'K,p  --  in  Eq.  ( ) 

oo  ^ » 

by  / (~oi  , fLO  • This  function  is  readily  derived 

TTo v K 11 

by  considering  the  absorption  of  a Doppler  broadened  line  by 
a gas  whose  absorption  coefficient  is  also  Doppler  broadened 
[similar  considerations  are  found  in  Ref.  ( )]. 

This  numerical  procedure  establishes  an  expression  for 
the  transmitted  intensity  as  a function  of  P'L'.  To  facilitate 
data  analysis  this  generated  curve  was  approximated  by  a three 
exponential  fit,  L#)  - 0.567  exp  (-o.tl^Px')  40.551  exr  (-o.Hsa'J+o.  lc>2ex 

so  that 

X/ri-'V-  I|ot°)xtPV) 

(5) 


Equation  ( ) can  thus  be  modified  to  include  the  dependence 

on  P'L' . 


tco)  r co)  L J 


(6) 


In  the  data  analysis,  the  parameter  of  Eq.  (6)  was  varied 
until  the  resulting  theoretical  curve  matched  the  experimental 
data  (Fig.  8) . " "X 

/ SF1  \ 

In  the  experiments  (Fig.  a 0.25J  CO ^ laser  beam, 

0.6  cm  diameter,  was  passed  through  a fluorescence  cell  de- 
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signed  for  viewing  emission  at  right  angles  to  the  beam. 

Noise  from  laser  scatter,  most  of  which  is  off  the  exit  window, 
was  minimized  by^locating  the  exit  window  far  from  the  side 

X sf:z_  ) 13 

wi ndov^CF i g Since  CH^F  is  a strong  absorber,  the 
scattered  radiation  was  completely  absorbed  in  the  long  optical 
path  between  the  two  windows.  To  minimize  reabsorption  of  the 
fluorescence  by  unexcited  gas  it  is  important  to  keep  the  laser 
beam  close  to  the  side  window.  Recessing  the  side  window  into 
the  cell  reduced  this  distance  to  only  2 mm.  The  6 mm  beam 


diameter  was  sufficiently  small  so  that  absorption  of  fluor- 
escence in  the  excited  region  was  unimportant.  The  side 
light  emission  from  this  fluorescence  cell  was  passed  through 
an  8 cm  cold  gas  filter.  The  transmitted  intensity  was  focused 
onto  a Cu:Ge  detector  whose  output  was  displayed  on  an  oscillo- 

sc°Pe- 

Figure ( 8^ shows  the  experimental  data  and  the  theoretical 
A 

fits  for  various  fluorescence  cell  pressures,  P.  As  can  be 
seen,  at  higher  pressures,  P,  and  thus  higher  W rates,  the 
number  of  quanta  found  in  increases  as  expected.  However, 

n 

this  represents  only  JO- 50%  of  the  total  energy  absorbed  by 
the  molecule.  The  remaining  energy  is  transferred  to  the  other 
vibrational  modes  through  W cross-over  collisions. 


B.  Energy  Distribution  and  Flow  Paths 


The  W cross  over  collisions  which  transfer  energy  from 

to  the  other  vibrational  modes  have  rates  about  1/10  of  the 

719) 

W rate  within  the  mode.  As  explained  above,  the  VT 

relaxation  rate  is  slow  enough  to  allow  all  of  the  modes  to 
reach  a vibrational  equilibrium,  with  each  mode  at  a different 
vibrational  temperature. 

Measuring  the  temperatures  of  modes  other  than  by  the 
cold  gas  filter  method  is  generally  not  practical  because  of 
the  weaker  absorption  coefficients  characteristic  of  these 
modes . 

For  these  modes,  can  only  be  absorbed  out  by  increasing 

P'L'  to  the  point  where  the  signal  to  noise  and  pressure 
broadening  limitations  are  significant.  A cold  gas  filter 
measurement  on  both  (v^,v^)  and  ^v2,v5^  was  on^y  akle  to  give 
an  upper  bound  to  the  energies  which  agrees  with 

Fig.  4.  Once  the  temperature  of  is  established  by  the 
CGF  method,  however,  relative  fluorescence  intensities  can  be 
used  to  determine  the  temperatures  of  the  other  modes. 

The  fluorescence  intensity  due  to  a particular  vibra- 
tional transition  in  a mode  of  frequency  w is 


oC 


(7) 


where  is  the  population  of  the  vibrational  ground  state. 
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The  integrated  absorption  "strengths",  a,  for  each  mode, 
which  are  tabulated  in  the  literature  allow  us  to  replace 
li-^Q  in  the  equation  since 


oC  - 


n„  4tcV> 

tie 


2 

to 


(8) 


Summing  over  all  v yields  the  total  flourescence  intensity 
for  the  mode. 

1 ec  i-e'*) 

(9) 

Therefore,  from  measurements  of  IB/'CA,  the  ratio  of  the 
fluorescence  intensities  of  two  modes,  A and  B,  the  vibra- 
tional temperature  of  mode  B can  be  obtained  from  the  known 
temperature  of  mode  A via 


(10) 


Once  the  temperature  is  known,  of  course,  the  energy  stored 
in  the  mode  is  also  known  [Eq.  ( ) ] . 

This  method  was  applied  to  the  degenerate  modes 
and  at  6.8  ym  and  degenerate  modes  and  at  3.4  ym. 

The  fluorescence  from  the  v,,  mode  at  8.8  ym  was  too  weak  to 

D 

measure.  The  (v^,v^)  fluorescence  was  isolated  with  an 
infrasil  quartz  filter  and  the  v2'v5  f luorescence  with  a wide 
bandpass  dielectric  filter.  The  flourescence,  which  served 
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as  the  reference  intensity  was  isolated  by  a dielectric 
filter  which  passed  long  wavelengths.  In  establishing  the 
relative  vibrational  temperatures  with  Eq.  ( ) , the  tabu- 

lated values  of  integrated  absorption  coefficients  of  Ref.  24 
were  used.  These  values  agree  with  the  absorption  spectra 
given  in  Refs.  25,26.  In  the  analysis  ^2^^)  was  considered 
to  be  triply  degenerate  since  the  doubly  degenerate  is 
only  4 cm  ^ below  V2*  Likewise,  (v^,v^)  was  treated  as  triply 
degenerate  since  doubly  degenerate  is  15  cm  ^ above  v^. 
Conributions  to  the  3 pm  fluorescence  from  the  Fermi  mixed 

(V2/V5)  state  were  neglected  because  of  its  relatively  weak 

..  (27) 

intensity. 

The  results  of  these  measurements  are  shown  as  data  points 
in  Fig.  4.  e2  5 anc^  eg  4 are  sums  °f  all  the  consistent 

degenerate  modes'  energies.  Although  e,  was  not  measured,  it 

D 

could  be  estimated  theoretically  (as  discussed  below) . Thus, 
we  have  experimentally  established  that  for  times  <<VT,  all 
of  the  absorbed  energy  is  partitioned  among  the  vibrational 
degrees  of  freedom.  This  result  also  establishes  the  internal 
consistency  of  the  absorption,  cold  gas  filter,  and  relative 
fluorescence  techniques. 

Given  a knowledge  of  the  energy  flow  paths  between  equili- 
brating vibrational  modes,  and  the  total  amount  of  energy 
absorbed,  the  distribution  of  this  energy  among  the  modes  can 
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• I 


be  circulated  theoretically.  Since  we  have  measured  these 
energies  experimentally  we  can  choose  between  various  possible 
flow  paths  on  the  basis  of  how  well  they  fit  the  data.  The 
solid  curves,  (b) , (c) , (d)  and  (e)  of  Fig.  4 are  theoretical 
fits  assuming  a model  given  below. 

The  path  below.  Path  1,  used  to  calculate  the  curves  in 
Fig.  4,  has  been  shown  by  Flynn  and  coworkers  (23  ) 

to  be  the  dominant  path  in  the  weak  excitation  regime. 

Path  1 


(1) 

(v3) 

+ (0)^  (v6)  + (0)  - 147  cm  1 

(2) 

(V 

+ (0)£*(v2,v5)  + (0)  - 275  cm"1 

(3) 

2(v2 

(2v2,2v5)  + (0)  - 68  cm  1 

(4) 

(2v2 

,2v5)  + (0)^(v1,v4)  + (0)  + 103  cm-1 

where,  for  instance,  (2v2,2v,-)  represents  a single  molecule 
with  two  quanta  in  mode  v2  and  two  quanta  in  mode  and  (0) , 
a molecule  in  the  vibrational  ground  state. 

The  temperatures,  T^  and  Tg,  of  two  different  modes  in 
vibrational  equilibrium  with  each  other  are  related  by 


(ID 


where  the  ui's  are  the  vibrational  frequencies  and  T is  the 
kinetic  temperature.  Applying  Eq.  ( ) , for  example,  to  the 

two  modes  and  held  in  vibrational  equilibrium  with 
each  other  by  reaction  (1)  in  Path  1 we  find 

Tu  « « f g,TrC(K7c*r^  + "1  1 

U [ •3O0°K  Ts  J 


A 


-xi- 


(12) 

which  for  = 2000°  K gives  Tg  = 1180°  K.  Similarly  from 
this  T-  and  reaction  (2),  T_  c can  be  calculated  and  so  on. 

v)  4 / J 

From  these  temperatures  we  can  relate  a particular  distribu- 
tion of  energy  among  the  modes  to  the  total  vibrational 
energy  of  a molecule.  Curves  (b) , (c) , (d) , and  (e)  were  de- 
termined in  this  fashion  from  the  total  energy  curve  (a) 
which  itself  was  a theoretical  fit  to  the  data  assuming  a 
particular  yw- 

The  good  agreement  of  these  curves  with  the  experimental 
data  in  Fig.  4 argues  well  for  the  validity  of  Path  1.  A 
possible  alternative  path.  Path  2 below,  was  shown  not  to 
agree  with  the  experimental  results. 

Path  2 

Cl)  (v3)  + (v3)^  (2v3)  + (0)  + 

(2)  (2v3)  + (v3k?  (3v3)  + (0)  + 

(3)  (3v3)  + (0^(v1,v4)  + (0)  + 16  cm-1 

For  example,  small  energy  defect  of  reaction  3 would  indicate 
T14  = 2000.4°  K.  or  e^4  = .13  for  a T3  of  2000°  K.  This  is 
much  greater  than  the  measured 
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ABSTRACT 

This  paper  describes  a new  class  of  techniques,  called  time- 
delayed  laser  saturation  spectroscopy,  which  combine  frequency 
and  time -domain  methods  of  laser  spectroscopy  to  provide  a way 
of  studying  a molecular  system  as  it  evolves  from  an  initially- 
prepared  stationary  state  to  a second,  final  state.  The  speci- 
fic example  analyzed  here  is  three-level  free  induction  decay, 
in  which  the  time  dependent  gain  of  a Doppler-broadened  molecu- 
lar transition  is  probed  after  the  sudden  termination  of  an  in- 
tense field  resonating  with  a coupled  transition.  The  calcu- 
lated lineshape  features  expected  under  different  experimental 
conditions  are  described,  and  some  of  these  are  demonstrated 
in  NH.j.  The  experiments  clearly  separate  the  contributions  of 
population  saturation  and  Raman-type  processes  in  the  time  evo- 
lution of  the  lineshapes,  and  yield  the  first  measurement  of 
the  alignment  relaxation  rate  in  the  ground  electronic  state 
of  a molecule. 
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1.  Introduction  '*  ■: 


Over  the  past  decade  powerful  laser  saturation  techniques  for 
inducing  narrow  resonances  in  Doppler-broadened  systems  have 
become  a major  tool  for  studying  atomic  and  molecular  structure 
in  the  frequency  domain  [1].  On  the  other  hand,  the  recently 
developed  coherent  transient  techniques  have  been  very  useful 
In  obtaining  new  i nf orma t i on  about  laser  interactions  and  re- 
laxation processes  in  the  time  domain  [2].  The  purpose  of  this 
paper  is  to  show  that  these  two  approaches  can  be  merged  to  form 
a new  class  of  techniques  which  yields  information  in  both  fre- 
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quency  and  time  domains  and  thus  extends  the  range  of  available 
i nf orma t i on . 

As  an  example,  consider  a conventional  saturated  absorption 
experiment  in  which  the  saturation  of  a Doppler-broadened  tran- 
sition by  an  intense  monochromatic  field  is  observed  by  studying 
the  narrow  resonance  induced  in  the  transmission  of  a tunable 
probe  beam  (Fig.  1 . ) . 


saturating  fie'.d 


F i q . 1 Example  of  the  time-delayed  technique.  The  configuration 
shown  is  that  of  time -delayed  Lamb  dip. 

Now  suppose  that  the  saturating  field  is  suddenly  switched  off, 
and  the  lineshape  of  the  narrow  resonance  is  probed  a fixed  in- 
terval of  time  later.  As  the  time  delay  is  increased  the  change 
signal  will  become  smaller,  corresponding  to  the  decay  of  the 
saturated  molecules  and  their  return  to  equilibrium.  Further- 
more, as  shown  below  the  shape  of  the  resonance  may  evolve  from 
Its  steady  state  form.  This  i nf ormat i on  can  be  combined  to  form 
a surface  in  a coordinate  system  having  axes:  probe  intensity 
(z-axis),  frequency  detuning  (x-axis),  time  delay  (y-axis) 

(Fig.  2). 


F i g . 2 Three  dimensional  representation  of  the  time-delayed 
change  signals. 


Sections  parallel  to  the  x-axis  give  the  resonance  lineshape  at 
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delayed  times.  Similarly,  sections  parallel  to  the  y-axis  give 
the  free  decay  of  the  system  at  various  values  of  fequency  de- 
tuning. 

Experiments  of  this  type  are  inherently  different  from  con- 
ventional free  induction  decay  experiments  [2],  where  the  probe 
field  does  not  interact  with  the  molecules  and  serves  only  as  a 
local  oscillator  for  heterodyne  detection.  Thus,  in  such  experi- 
ments there  is  no  resonant  behavior  as  the  probe  field  is  tuned. 
For  the  same  reason  the  new  technique  is  not  an  analog  of  pulse 
Fourier  transform  spectroscopy  [2],  and  the  time-delayed  line- 
shapes  may  bear  no  relationship  to  the  corresponding  decay  times. 

In  fact,  different  portions  of  the  lineshape  may  decay  at  dif- 
ferent rates,  resulting  in  a .deformation  of  the  overall  lineshape. 

Lineshape  evolution  of  this  type  becomes  particularly  important 
when  the  physical  processes  contributing  to  the  change  signal 

decay  at  different  characteristic  rates  (e.g.  T,  processes  vs. 

T 2 processes),  or  the  lineshape  exhibits  Ramsey -type  fringes  due 

to  decay  of  a phase-coherent  contribution.  Other  features  of  the 
time-delayed  change  signals  which  occur  at  high  saturation  field 
intensities  include  power  broadening  and  dephasing,  and  oscilla- 
tory behavior  related  to  the  dynamic  Stark  effect. 

The  wide  range  of  techniques  to  which  time-delayed  saturation 
spectroscopy  can  be  applied  includes  free  decay,  optical  nutation 
and  photon  echoes  in  two  and  three  level  systems  (both  cascade 
and  folded),  for  probe  and  saturating  waves  either  co-  or 
counter-propagating  [3].  In  the  following  we  shall  concentrate 
on  free  decay  in  Doppl er -broadened  three  level  systems. 

2.  Theory  of  Free  Decay  in  Three  Level  Systems  [4,5] 

When  an  intense  , monochromatic  laser  field,  E2,  frequency 
resonates  with  one  of  the  transitions  (0-2,  see  Fig.  3)  of  a 
Doppler-broadened  gas,  the  populations  of  levels  0 and  2 are 
altered  over  a narrow  range  of  axial  velocities  centered  about 
v2.  satisfying  the  resonance  condition  ^2 ~ ^ 2 v 2 = u2  ^u>2  m0^ecu" 
lar  frequency,  k^  = i^/c). 


This  resonant  change  in  the  velocity  distribution  can  manifest 
itself  in  the  spectral  profile  of  a Doppler-broadened  transition, 
0-1,  sharing  a common  level  with  0-2.  If  a weak  monochromatic 
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field,  colinear  with  the  intense  field,  probes  the  0-1 

transition,  center  frequency  u>.  , a sharp  change  in  transmission 
will  occur  when  is  tuned  into  resonance  with  the  molecules 
of  velocity  v 

= fl-j(e)  where  ft^(e)  = + ek^  ^^2  (1) 

(e  = +1  and  -1  for  co-propagati ng  and  counter-propagating  waves, 
respectively).  This  effect,  called  laser  induced  line  narrowing, 
has  been  the  subject  of  numerous  theoretical  and  the  experimental 

investigations  devoted  to  studying  the  steady  state  change  signals 
at  the  probe  transition  [1].  It  is  now  well  known  that  the  change 
signal  lineshape  cannot  he  accounted  for  in  terms  of  population 
considerations  alone,  and  that  coherent  Raman-type  processes  such 
as  two-photon  transitions  play  an  important  role  [6].  Thus,  for 
example,  the  widths  of  the  change  signals  in  the  forward  (e  = +1) 
and  backward  (e  = -1)  directions  can  differ  considerably.  This 
and  other  lineshape  asymmetries  have  been  useful  in  extracting 
detailed  information  about  collisional  and  radiative  decay  pro- 
cesses . 

Our  purose  is  to  analyze  the  transient  behavior  of  the  change 
signal  lineshape  when  the  saturating  field  is  suddenly  terminated 
at  time  t = 0.  In  the  thin  sample  approximation  the  probe  change 
signal  is  proportional  to  the  velocity-integrated  value  of  Im(P), 

with  P(n.)  the  amplitude  of  the  optical  polarization  induced  by 
the  prob£  field.  In  the  s 1 owl y- va ry i ng  envelope  approximation 
P obeys  an  oscillator  equation  of  the  type  [4,5] 

P + LP  = ip1  E1  (n1 -o00)  + iu1VJ2E2°21  ’ (2) 

where  L = y^  + i -u>j -k.j  v)  and  h = 1.;  n.  is  the  thermal  (or 
background)  population  of  level  j;  pj  isJthe  0-j  dipole  moment 

matrix  element;  o..  is  the  envelope  of  the  i-j  density  matrix 
element  (oqq,  popi^ation  of  level  0 as  influenced  by  E£;  , 

coherence  induced  by  Raman-type  transitions)  and  y^.  is  its 
relaxation  rate.  As  can  be  seen,.  P can  be  excited  by  both  popu- 
lation and  Raman-type  driving  terms.  *• 

The  solution  of  (2)  in  the  transient  regime  ( E 2 = 0,  t>0)  is 
given  by 

P(t)  = Pjt+P(0)e"Lt-iy12E1/tAn(t,)e'Lft”t,)dt\  (3) 

where  P.  is  the  linear  ( unsa tura ted ) pol ar i zati on , P ( 0 ) the  ini- 
tial value  (t  = 0)  of  the  saturated  polarization,  and 

An(t)  = [o00(0)-n()]e'Y0t, 


(41' 


5 


with  yq  the  population  decay  rate  of  level  0.  The  last  term  in 
(3)  describes  the  coupling  of  P with  Oqq . Since  E^  = 0 for  t>0, 
transient  Raman  processes  do  not  occur  (fas  they  would  in  three 
level  optical  nutation).  But  their  influence  is  contained  in  the 
initial  polarization,  along  with  that  of  the  saturated  population 
of  level  0: 

P ( 0 ) = i [ -u1  2E1  An  (0  ) + u-|  u2E2a21  ' (5) 

The  resulting  probe  lineshapes,  obtained  by  integrating  (3)  over 
velocity,  depend  on  the  relative  direction  of  the  two  waves. 


In  the  following  the  lineshape  features  will  be  described  for 
a folded  three  level  system  (Figs.  3a, b).  In  the  cascade  case 
(Fig.  3c)  the  lineshapes  are  the  same,  except  that  the  roles  of 
forward  and  backward  signals  are  interchanged. 

* 2.1  Counter-Propagating  Waves  (e  = -1) 

For  weakly  saturating  pump  field  the  lineshape  is  given  by  the 
real  part  of  g (e  = ±1 ) : 


e-[r+ifi(-)]t  e-Y0t_e-[r+i6(-)]t 

r+ i 6 ( - ) + " r-Y0+i6(-) 


where  6(-)  is  the  probe  field  detuning  [6(e)  = ftj-ftj(e)],  and 

r = Y01  + lcTY02^k2  ‘ term  in  g(-)  describes  the  decay 

of  the  initial  polarization.  Its  decay  rate,  r,  consists  of  two 
terms,  the  ordinary  relaxation  rate,  Yq-j  . and  a Doppler  dephasing 
contribution,  k,Yg2/k2-  This  latter  term  is  due  to  the  velocity 
spread  Av  =Yq2/I<2  the  exc1ted  molecules,  which  gives  rise  to 
a corresponding  spread  in  the  reradiated  frequencies. 

The  second  term  in  (6)  comes  from  the  coupling  of  P with  the 
saturated  level  population,  and  decays  at  characteristic  rate  Yq- 

The  first  term  exhibits  Ramsey-type  fringes  and  the  associated 
line  narrowing,  as  is  characteristic  of  the  time-delayed  line- 
shape  resulting  from  the  decay  of  a phase-coherent  polarization. 
This  type  of  behavior  can  be  observed  in  g(-)  for  T<Yq-  As  seen 
in  Fig.  4,  for  t > 1 / r the  line  narrows  below  its  natural  width. 
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This  extreme  narrowing  is  due  to  the  selection  of  long-lived 
molecules  by  the  time -delayed  measurement  process. 

In  the  case  of  r>yn  the  polarization  contribution  is  domi- 
nated by  the  population  term  for  t^l/T,  leading  to  a different 
type  of  behavior.  There  are  no  fringes  and  the  line  remains 
Lorentzian,  narrowing  from  an  initial  width  r to  an  eventual 
width  T-Yq  at  t > 1 / T . ' 

In  contrast,  when  the  re  are  strong  phase-changing  collisions 
[y  • • >>(y.+y.)/2]  the  lineshape  is  not  deformed  -duri ng  the  tran- 
sient evolution  (Fig.  5b). 


Fi g . 5 Forward  (a)  and  backward  (b)  change  signals  when  phase- 
changing collisions  predominate. 


The  resonance,  a Lorentzian  of  width  T , then  decays  with  the 
population  time  constant: 

9(-)  = e"V/[r  + i6(-)].  (7) 

Finally,  note  that  in  all  cases  Raman-type  contributions  are 
absent  in  g(-),  as  can  be  seen  by  the  absence  in  (6)  of  terms 
containing  Y-j^’  the  Raman-coherence  decay  rate.  These  contribu- 
tions cancel  in  the  velocity  integration  because  of  the  destruc- 
tive interference  arising  from  their  strong  velocity  dependence. 
2.2  Co-Propaqati nq  Waves  (e  = +1  ) 

In  contrast  to  2.1,  in  the  forward  direction  the  change  signal 
is  influenced  by  Raman-type  processes,  which  are  not  averaged 
out  in  the  velocity  integration.  It  also  depends  on  whether 


For  k^<k1  and  no  phase-changing  collisions  [yi  . = (y1-+Y-)/2] 
the  lineshape  [4]  is  a single  Lorentzian  of  widthJcharacte^ized 


by  Raman-type  processes  (and  therefore  narrower  than  the  e = -1 
case),  which  is  iindi  storted  during  the  decay,  however,  this  is 
not  the  case  when  phase  changing  collisions  dominate  (Yn-i  »Yflo>> 
Y o • Y i g ) • for  example,  in  the  important  special  case  of0 

k ^ = k ^ the  change  signal  lineshape  is  given  by 


g(  + ) - 


T+i6 (+) 


10  e-rt 
r y12  + i<5(  + ) 


The  first  term  describes  a broad  resonance,  induced  by  popula- 
tion saturation,  which  decays  at  characteristic  rate  yn.  It  is 
identical  to  the  corresponding  g(-)  lineshape,  (7).  The  second 
term  is  a narrow  resonance  of  width  y12»  induced  by  Raman-type 
processes,  which  decays  at  the  much  faster  rate  r = Tq-|+Yo?» 
characteristic  of  the  decay  of  the  initial  polarization.  This 
leads  to  the  remarkable  conclusion  that  after  a time  %1/r  the 
narrow  contribution  decays  away  and  the  forward  change  signal 
evolves  to  a broad  Lorentzian  identical  to  that  of  the  backward 
signal,  (6).  An  example  is  shown  in  Fig.  5a. 

When  k ^ ^ there  is  an  additional  contribution  to  the  change 
signal,  due  to  the  decay  of  a new  velocity  group  prepared  in  the 
steady  state  (tsO).  This  velocity  group,  associated  with  the 
resonance  condition  for  Raman-type  processes,  is  centered  at 

v -j  2 » defined  by  - ( k,,-k,  ) v.|  ~ = u2~“l * (This  is  the  energy 

conservation  condition  for  2-*-l  two  quantum  transitions.)  This 
extra  term,  which  exists  even  when  the  medium  is  transparent  to 
the  saturating  field  (n^  = nQ  f n^),  is  proportional  to  the  real 


part  of 


g ' ( + ) = <- 


[Y  + i 6 ( + ) ] t/< 

[Y+i6(+)]2~ 


with  k~  (k^-kj)/^  and  y = kYqj  + k^ Yg^/^ • As  can  be  seen  in 
Fig.  6,  the  corresponding  time-delayed  lineshape  exhibits  Ramsey- 
type  fringes,  as  is  characteristic  of  a pure  phase-coherent 
contribution. 
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Fi q . 6 g(+)  change  signal  for  n^  =np  t n,,  = 2k^  , y^.  = y. 

Time  delays:  = 0,  = 0.5/y,  = 1/y. 

2.3  Saturation  Effects 

The  above  results  describe  the  case  in  which  the  saturation 
induced  by  the  intense  laser  field  is  small.  The  additional 
lineshape  effects  occurring  in  the  case  of  strong  saturation 
include  power  broadening  and  dephasing,  and  dynamic  Stark  split- 
tings exhibiting  a novel  type  of  oscillatory  decay.  A complete 
discussion  of  these  effects  in  given  in  Ref.  5. 

3_. E xperiments  in  NH  [ y _ asQ(8,7)  transition] 

3.1  Experimental  set-up  f F i g . 7 ) 

In  the  experiments  the  \>^  asQ(8,7)  transition  of  NH^  was  satu- 
rated and  probed  using  two  c.w.  N^O  lasers  oscillating  on  the 

P ( 1 3 ) line  (X  = 10.78  pm),  which  falls  within  the  NH-  Doppler 
profile.  * 


i 

•Fi g . 7 Experimental  set-up. 

The  GaAs  switch  was  absent  j 

in  the  steady -state  experi- 
ments. 


A 10  cm  glass  sample  cell  with  NaCl  end  windows  was  used.  Holding 

the  frequency  of  the  saturating  N-0  laser  fixed,  the  probe  was 
tuned  (tuning  range,  ±35  MHz)  by-means  of  calibrated  PZT.  A 
flip  mirror  was  used  to  reverse  the  direction  of  the  saturating 
beam  and  thereby  select  forward  or  backward  configurations.  The 
two  laser  beams  were  linearly  polarized  at  right  angles,  and 
Brewster  angle  NaCl  beam  splitters  were  used  to  overlap  the  beams 
before  the  cell  and  separate  them  afterwards.  The  probe  beam  was 
monitored  using  a He-cooled  Cu-Ge  detector.  Steady-state  ex- 
periments were  performed  by  chopping  the  saturating  beam  at  a 
low  frequency  ('vl  kHz)  and  using  phase  sensitive  detection.  The 

transient  change  signals  were  observed  by  turning  on  and  off  the 
saturating  beam  with  an  external  e 1 ec t ro-op t i c modulator,  a GaAs 
crystal  to  which  high  voltage  square  pulses  were  applied  (rise- 


9 

time  30  ns,  duration  10  vs,  repetition  rate  1 kHz),  thus  indu- 
cing a fast  rotation  of  the  polarization  of  the  c.w.  saturating 
beam.  A subsequent  analyzer,  a Brewster  angle  silicon  plate, 

yielded  the  square  pulses  of  the  saturating  beam.  Probe  signals 
were  analyzed  with  a Boxcar  integrator  operated  in  two  different 
modes:  either  monitoring  the  decaying  signal  at  a fixed  probe 

frequency,  or  scanning  the  probe  frequency  at  fixed  time  delays. 
3.2  Steady-State  Lineshapes  [7] 

Experimental  lineshapes  for  co-  and  counter-propagating  waves 
are  shown  in  Figs.  8a, b. 


F i i g . 8 Steady  state  forward  (a)  and  backward  (b)  observed  change 
signals.  The  dashed  line  shows  the  theoretical  fit. 


Since  the  NH,  transition  is  degenerate  (J  = 8-*-8)  and  the  two 
beams  have  perpendicular  linear  polarizations,  the  saturating 
field  can  be  considered  to  induce  AM  = 0 transitions,  and  the 

weak  field  then  prcbes  AM  = ±1  transitions.  In  the  absence  of 
M-changing  collisions  the  system  decomposes  into  two  groups  of 
coupled  three-level  systems  having  the  common  level  in  the  ground 

(g)  and  excited  (e)  states,  respectively.  The  Raman  coherence 
responsible  for  the  forward-backward  asymmetry  of  the  signals 
of  Fig.  8 is  thus  the  coherence  between  adjacent  M-subl  evels . 


As  is  characteristic  of  systems  with  strong  phase-changing 
collisions  [(7)  and  (8)],  the  backward  change  signal  of  Fig.  8 
is  a single  Lorentzian,  whereas  the  forward  signal  contains  an 
additional  narrow  feature.  However,  a quantitative  analysis 
of  the  experimental  results  requires  further  cdns i derati on , since 
in  the  degenerate  NH^  transition  strong  M-changing  collisions 

couple  together  the  independent  three  level  systems.  As  is  well 
known  from  the  symmetry  properties  of  collisiona1  relaxation  pro- 
cesses in  gases  [8]  , allowance  must  then  be  made  for  different 
relaxation  rates  of  the  various  multipole  moments  of  each  level. 
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Using  the  tensorial  formalism  [8]  to  account  for  these  features, 
the  following  expression  for  the  change  signals  can  be  derived 
[9]: 


G(e) 


i(ZyIg>ci  J 


e ,g 


(n 

K 


38 

2 

y ~ 


5Yl[57£(y2)tI(y'i)] 


(10) 


where  L ( x ) = [ x + i 6 ( e ) ] 


Y 
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relaxation  rate  of  the  opti- 
th 


is  the 

k eg 

cal  polarization  and  y the  decay  rate  of  the  k1'"  order  multipole 
in  level  a:  k = 0,  population;  1,  orientation;  2,  alignment. 

Thus,  in  the  presence  of  M-changing  collisions  the  backward  sig- 
nal is  still  a single  Lorentzian  of  width  2yeq,  bet  the  forward  one 
now  consists  of  several  Lorentzian  components  Associated  with 
the  various  tensorial  moments.  In  the  present  experiments  the 

width  of  the  narrow  Raman-type  contribution  of  the  forward  sig- 
nal is  primarily  determined  by  alignment  relaxation  processes 

(*:>. 


, a . 


The  observed  width  of  the  backward  signal  gives  y 


1 

eg 


2 4 ± 1 MHz/torr,  consistent  with  earlier  Lamb  dip  measurements. 
Previous  microwave  experiments  in  the  NH^  ground  state  have  shown 
that  due  to  the  small  inversion  splitting  of  0.8  cm"  , inelastic 
collisions  are  the  predominant  relaxation  mechanism  (which  implies 

e^< 
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yq  = y ) and  that  y = y ' [10].  This  is  not.  true  for  the  excited 
state,  where  the  inversion  splitting  is  much  larger,  ^36  cm" 

In  the  next  section  we  show  that  transient  experiments  yield 
y^  = 3.5i0.6  MHz/torr.  The  best  fit  of  the  experimental  forward 
signal  to  (10)  (dashed  curve  of  Fig.  8)  then  gives  y~  = 6 ± 1 MHz/ 
torr  [7].  e 


To  demonstrate  the  inherent  polarization  dependence  of  the 
change  signal  lineshapes,  similar  experiments  were  done  in  which 
the  probe  field  polarization  was  oriented  parallel  to  that  of  the 
saturating  field  by  inserting  a half-wave  plate  in  the  path  of 
the  saturating  bef.m.  A small  misalignment  was  introduced  tc 
separate  the  beams.  As  seen  in  Fig.  9,  in  this  case  the  forward 
change  signal  is  narrower  than  that,  observed  for  crossed  polari- 
zations. ' 
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F i g . 9 Forward  change  signal  for  parallel  polarizations  of  probe 
( E T ) a r d saturating  (E?)  fields.  The  corresponding  signal  for 
E -j  X E p is  shown  for  comparison,  normalized  such  that  the  peak 
heights  are  equal. 

(The  change  signal  linewidths  observed  in  the  backward  direction 
are  the  same,  as  predicted  by  (11).)  This  can  be  understood  as 
follows:  When  the  polarizations  are  parallel  both  fields  obey 

AM  = 0 selection  rules,  and  so  no  Raman  coherence  can  be  induced. 
However,  since  two  e.m.  fields  of  the  same  polarization  and  pro- 
pagation vector  are  equivalent  to  an  amplitude  modulated  excita- 
tion, a new  type  of  contribution  now  arises,  originating  in  the 
coherent  modulation  of  the  level  populations  at  the  frequency  dif- 
ference between  pump  and  probe  fields.  This  gff^ct  causes  ad- 
ditional narrowing  of  the  forward  signal  if  y^Y^ . Using  the  ten- 
sorial  formalism,  the  change  signal  1 ineshapeei senow  given  by  [9] 

G (e)  = L(2y  J)  I + ™ + 96L  ( y°  ) + 76  L ( y2  ) ]).  ( 1 1 ) 

a=e,g(.Ya  YQ  J 

The  observed  narrowing  of  the  lineshape  for  parallel  polarization 

is  another  clear  evidence  of  M-changing  collisions,  since  for 
k 2 

Ya  = Ya  (10)  and  (11)  predict  the  same  lineshape,  contrary  to  the 
experimental  results. 

From  the  above  results  it  follows  that  in  the  asQ(8,7)  excited 
state  the  cross-section  for  elastic  l1 -changing  collisions  is 
about  two-thirds  as  large  as  that  for  inelastic  collisions.  To 
our  knowledge,  this  is  the  first  measurement  of  the  alignment 
relaxation  rate  in  the  ground  electronic  state  of  a molecule. 

The  present  experimental  technique  does  not  require  Stark  or 
Zeeman  tuning  nor  fluorescence  detection,  and  thus  compliments 
the  well-established  Hanle  effect  and  double  resonance  techniques 
of  optical  pumping  [8]. 

3.3  Time -Delayed  Lineshapes 

As  mentioned  above,  the  experiments  have  been  carried  out  in  two 
different  ways:  Either  the  probe  frequency  is  fixed  and  the 
transient  signal  is  observed  as  a function  of  time  (Fig.  10),  or 
the  transient  lineshape  is  studied  by  tuning  the  probe  frequency 
at  a given  delay  time  after  the  saturating  field  has  been  inter- 
rupted (Fig.  11). 
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and  backward  signals  differ  by  the  narrow  Raman-type  contribu- 
tion, and  this  contribution  decays  away  rapidly,  leaving  a slowly- 
decaying  population-induced  component  which  is  the  sane  in  Doth 
propagation  directions  [(7)  and  (8)  and  Fig.  5].  These  predic- 
tions are  confirmed  by  Figs.  10  and  11.  However,  quantitative 
comparison  of  experiment  with  theory  must  take  into  account  the 
level  degeneracy,  the  existence  of  M -changing  collisions,  and 
also  the  power-broadening  induced  by  the  pump  field.  As  ex- 
plained in  the  previous  section,  level  degeneracy  and  re-orient ir.g 

collisions  can  be  included  by  means  of  the  tensorial  formalism 
[9]: 

(i)  In  the  same  way  as  in  the  simple  theory-  Raman-type  con- 
tributions have  a characteristic  decay  rate  2yg  (=  48  MHz/torr). 

A theoretical  study  valid  for  arbitrary  intensi?ies  of  the  satu- 
rating field  [5]  shows  that  this  decay  rate  is  shortened  by  power 
dephasin^.  For  instance,  in  Fig.  11  power  dephasing  (for  I = 

70  mW/cm  and  p = 30  mto r r ) con t r i bu tes  0.5  MHz  to  the  r decay 
rate . 

(ii)  Population  saturation  contributions  are  the  same  in  both 
propagation  directions  and  have  a Lorentzian  lineshape  of  width 

2y  . A noteworthy  feature  is  that  their  decay  rate  is  not  sen- 
sitive to  power  dephasing  [5].  Eq.  (10)  shows  that  various  mul- 
tipole moments  in  excited  and  ground  states  contribute  to  the 
corresponding  components  of  the  change  signal  amplitudes  and 
thus,  there  should  be  several  time  constants  associated  with  the 
decay  of  the  backward  signal.  However,  due  to  the  short  lifetime 
of  the  ground  state,  the  amplitude  of  its  steady -state  contribu- 
tion is  very  small  compared  to  that  of  the  excited  state  popu- 
lation. (The  ratio  is  about  58Yg/96y=9%.)  In  addition,  its  de- 
cay is  very  fast.  On  the  other  hand, in  the  excited  state,  (10) 
shows  thjjt  the  ratio  of  alignment  to  population  contributions  is 
38Yg/96ye=23%.  The  excited  state  population  therefore  provides 

the  dominant  contribution  to  the  decaying  change  signals,  and 
lasts  for  the  longest  time.  Yg  can  thus  be  extracted  from  the 

slowly-varying  component  of  the  curves  of  Fig.  10.  The  pressure 
dependence  of  this  decay  rate  is  shown  in  Fig.  12. 


Fig. 12  ( 2ttT°  ) “ 1 vs.  pres- 

sure. The  data  was  taken 
from  the  slowly-decaying 
component  of  the  forward 
change  signal  (upper  trace 
of  Fig.  10). 
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The  zero-pressure  value  (^0.04  MHz)  is  due  to  molecular  transit 
time  effects. 

Since  all  the  parameters  are  known,  the  theoretical  predic- 
tions can  be  compared  with  the  experimental  lineshapes  (Fig.  11). 
The  agreement  is  quite  good,  except  for  the  short  term  (t  = 

0.25  ps)  behavior  of  the  forward  signal,  where  the  time  resolu- 
tion of  the  electronic  detection  system  was  not  sufficiently  high 
to  follow  the  fast  decay  of  the  narrow  component.  The  success 
of  the  model  adopted  here,  which  does  not  include  velocity  chang- 
ing collisions,  indicates  that  in  the  range  of  pressures  observed 
( p > 3 0 mtorr),  contributions  from  such  collisions  are  negligible 
in  NH-. 

4 , Cone! u s i o n 

There  first  results  demonstrate  the  power  of  time-delayed  satu- 
ration spectroscopy.  By  combining  frequency  and  time-domain 
measurements  in  NH  ^ we  have  obtained  a complete  set  of  informa- 
tion which  improves  our  knowledge  of  the  dynamics  of  the  excited 
vibrational  state,  providing  the  first  measurement  of  a molecular 
alignment  relaxation  rate  in  an  infrared  transition. 

We  have  already  pointed  out  the  applicability  of  time-delayed 
saturation  spectroscopy  to  optical  nutation  and  photon  echoes  in 
multilevel  systems.  To  underscore  the  generality  of  the  tech- 
nique, notice  that  it  provides  a precise  analysis  of  the  dynamics 
of  atcinic  and  molecular  systems:  Scattering  and  diffusion  mech- 
anisms, thermal izat ion  by  velocity -changing  collisions  and  radia- 
tive transfer,  ve 1 oc i ty- dependence  of  such  processes  can  all  be 
studied.  Extension  to  four-level  systems,  where  pump  and  probe 
transitions  have  no  common  level,  should  lead  to  similar  infor- 
mation about  inelastic  collisions.  These  kinds  of  experiments 
in  excited  neon  are  now  underway  at  University  Paris-Nord 
(France ) . 
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A time- delayed  technique  is  used  to  study  the  decay  of  narrow  laser  saturation  reso- 
nances induced  in  the  Vjas£(8,7)  transition  of  NH5.  The  experiments  dramatically  sepa- 
rate the  distinct  contributions  to  the  line  shape  due  tc  population  saturation  and  Raman- 
type  processes,  and  yield  a value  of  3.5  ' 0.6  MHz/Torr  for  the  excited-state  population 
decay  rate. 


This  Letter  reports  the  first  observation  of  a 
new  category  of  effects,  called  time-delayed  la- 
ser saturation  spectroscopy,  which  combines  the 
high-resolution  techniques  of  laser  saturation 
spectroscopy  with  those  of  coherent  transients 
observed  in  the  heterodyne  mode  to  provide  a 
precise  way  of  studying  a molecular  system  as  it 
evolves  from  an  initially  prepared  stationary 
state  to  a second  final  state.  In  the  experiments 
a weak,  tunable,  monochromatic  field  probes  the 
line  shape  of  the  narrow  resonance  induced  in  a 
Doppler-broadened  molecular  system  after  the 
saturating  laser  field  is  suddenly  turned  on  or 
off,  or  switched  in  frequency  [Fig.  1(a)].  Both 
two-level  and  multilevel  systems  with  or  without 
a common  level  can  be  oiudied  in  either  trans- 
mission or  fluorescence. 

Experiments  of  this  type  are  inherently  differ- 
ent from  conventional  optical -nutation  and  free- 
induction-decay  experiments,1  where  the  probe 
field  does  not  interact  with  the  molecules  and 
serves  only  as  a local  oscillator  for  heterodyne 
detection.  Thus,  in  the  experiments  of  Ref.  1 


there  is  no  resonant  behavior  as  the  probe  field 
is  tuned.  For  the  same  reason  the  new  technique 
is  not  an  analog  of  pulse  Fourier-transform  spec- 
troscopy.2 As  seen  below,  the  observed  decay 
time  need  not  be  related  to  the  inverse  linewidth, 
and  different  portions  of  the  line  shape  may  decay 


FIG.  1.  (a)  Simplified  setup  for  observing  time-de- 
layed laser  saturation  resonances.  £2  Is  the  saturating 
field  and  £t  the  probe  field.  The  applied  fields  may  be 
either  copropagating  (c  = + 1)  or  counterpropagatlng 
U * - 1).  (b)  Energy  level  diagram. 
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with  different  characteristic  times.  Thus,  the  = >0,  ♦ y02.  y0  is  the  relaxation  rate  of  the  popula- 

shape  of  the  change  signal  can  evolve  in  time.  tion  of  level  0 and  ytJ  is  the  decay  rate  of  the  i-j 

This  time -dependent  line-shape  distortion  is  util-  coherence,  y0)  for  the  optical  polarization,  >,2 

ized  in  the  present  experiments  to  separate  dra-  for  the  coherence  induced  by  1 — • 2 Raman-type 

matically  the  contributions  of  level  population  transitions.  Eqqation  (11  is  obtained  in  the  limit 

saturation  from  those  of  Raman-type  processes.  of  strong  phase-changing  collisions:  y01,  y02»y0, 
These  first  results  in  time-delayed  laser  satu-  yl2 ,6 
ration  spectroscopy  clearly  demonstrate  the  pow-  The  first  term  of  (1)  describes  a broad  reso- 
er  of  the  technique.  It  is  illustrated  here  in  a nance  of  width  >„,+  y02,  induced  by  the  population 

three-level  system,  where  it  has  allowed  us  to  saturation  of  level  0,  and  thus  decaying  at  rate 

separate  in  time  the  different  physical  processes  y0.  This  is  the  only  contribution  to  the  decaying 
contributing  to  the  steady-state,  laser-induced  backward  change  signal  (t  = 1,  Lamb-dip-type 

line-narrowing  change  signals.  This  method  can  configuration).  Raman-type  contributions  are  ab- 

be  applied  to  many  other  laser  phenomena,  in-  sent:  Because  of  their  strong  velocity  dependence 

eluding  observation  of  Ramsey-type  fringes,5  they  cancel  in  the  integration  over  the  broad  mo- 

three-level  optical  nutation,  and  photon  echoes.  lecular  velocity  distribution  leading  to  (1).  In 

It  also  provides  a powerful  tool  for  analyzing  the  contrast,  in  the  forward  direction  U = + 1)  there 

dynamical  response  of  atomic  and  molecular  sys-  is  an  additional  contribution  in  the  form  of  a nar- 

tems  Relaxation  mechanisms  such  as  elastic  row  resonance  of  width  yl2,  induced  by  Raman- 

and  inelastic  scattering,  velocity -changing  colli-  type  transitions,  which  decays  at  the  much  faster 
sions,  and  radiative  trapping  can  all  be  studied.  rate  of  T=  y0,  + >02.  Since  £2  = 0 for  t>0,  tran- 
In  the  example  studied  here,  three-level  free  sient  Raman  processes  do  not  occur  (as  they 

decay,  an  intense  field  £2,  of  frequency  ftj,  satu-  would  in  three-level  optical  nutation).  But  their 

rates  a Doppler -broadened  transition  (0-2,  cen-  influence  is  contained  in  the  initial  polarization 

ter  frequency  u>2)  as  a weak,  tunable,  monochro-  induced  at  the  probe  frequency,  and  thus  decays 
matic  field,  £,  (ft,),  probes  the  coupled  0-1  tran-  with  it.  The  decay  rate  of  this  initial  polarization 

sition,  frequency  w,  [Fig.  1(b)  J.  Saturating  and  contains  two  terms,  the  normal  y01  rate  and  a 

probe  beams  overlap  and  may  be  either  copropa-  “Doppler  dephasing’’  contribution,  y02.  This  lat- 

gating  {«  = ♦ 1)  or  counterpropagating  (e  = - 1).  ter  term  is  due  to  the  velocity  spread  of  the  ini- 

The  probe  transmission  exhibits  a sharp  reso-  tially  excited  molecules,  which  gives  rise  to  a 

nant  change  (“change  .signal’’)  when  ft,  is  tuned  corresponding  spread  in  the  reemitted  frequen- 

such  that  both  fields  interact  with  the  same  veloc-  cies  and  leads  to  destructive  interference  in  a 

ity  group  ft,  ft, - w,  *■  e(<u,/w2)(ft2  - w-2).  The  time  / <*y02''. 

narrow  steady-state  resonances  obtained  by  this  In  the  experiments  the  v2asQ(8,  7)  transition  of 

technique,  known  as  laser-induced  line  narrow-  NH,  was  saturated  and  probed  using  two  linearly 

iftg.  have  been  extensively  studied  over  the  past  polarized  cw  N20  lasers  oscillating  on  the  P(13) 
decade. *•'  In  the  present  work  frequency  and  line  (A  = 10.78  pm),  which  falls  within  the  NH, 

time  domains  are  observed  simultaneously  by  Doppler  profile.  A 10-cm  glass  sample  cell  with 

suddenly  interrupting  the  saturating  field  at  t 0 NaCl  end  windows  was  used.  With  the  frequency 

and  studying  the  transient  change-signal  line  of  the  saturating  laser  held  fixed,  the  probe  was 

shape  at  later  times.  tuned  by  means  of  a calibrated  piezoelectric 

As  discussed  in  an  earlier  work,"  the  time  be-  transducer.  The  polarization  vectors  of  the  two 
h.ivior  of  the  probe  signals  provides  a unique  way  laser  beams  were  oriented  at  right  angles  to  one 

of  separating  the  effects  of  population  saturation  another.  NaCl  beam  splitters  were  used  to  over- 

and  Raman-type  processes. 5,7  because  of  their  lap  the  beams  before  the  sample  cell  and  separate 

different  characteristic  decay  times.  For  in-  them  afterwards.  A flip  mirror  was  used  to  re- 

stance.  for  weakly  saturating  £2  field  and  close  verse  the  direction  of  the  saturating  beam  and 

transition  frequencies  (w^  ^w,)  the  change-signal  thereby  select  forward  or  backward  configura- 
line  shape  is  given  by"  tions.  The  probe  transmission  was  monitored 

_r  - using  a He-cooled  Cu-Ge  detector.  The  saturat- 

jg(t)  - Rol  C?P<~  .la  + i_L!  S — __  I (i)  jng  beam  was  chopped  with  an  external  electro- 
T * «*(<)  ♦ * (t)  optical  modulator,  a GaAs  crystal  to  which  high- 

whore  6(<)  ft,  - ft,*'’  is  the  detuning  from  the  voltage  square  pulses  were  applied  (rise  time  30 

renter  frequency  of  the  narrow  resonance  and  T ns,  duration  10  ps,  repetition  rate  1 kHz),  thus 
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1 IG.  2.  Time-domain  study  of  (a)  forward  and  (b) 
backward  change  signals;  p 2f>  mTorr.  In  these 
traces  the  probe  field  Is  tuned  to  line  center  |6(t)  = 01  . 
Thu  backward  decay  Is  a single  exponential,  whereas 
the  forward  decay  contains  fast  and  slow  exponential 
components. 


inducing  a fast  rotation  of  the  polarization  of  the 
cw  saturating  beam.  A subsequent  analyzer,  a 
Brewster-angle  silicon  plate,  yielded  the  square 
pulses  of  the  saturating  beam.  The  frequency 
resolution  of  the  system,  determined  by  laser 
frequency  jitter,  transit  time,  and  misalignment 
of  probe  and  saturating  beams,  was  about  300 
kHz. 

Transient  change  signals  were  analyzed  with  a 
boxcar  integrator  operated  in  two  different  modes: 
either  monitoring  the  decaying  signal  at  a fixed 
probe  frequency  (Fig.  2),  or  scanning  the  probe 
frequency  at  fixed  time  delays  (Fig.  3).  The  f-0 
signals  of  Fig.  3 correspond  to  the  steady-state 
regime  studied  in  earlier  experiments.8 

Since  the  NH,  transition  is  degenerate  («/  = 8-*  8) 
and  the  two  beams  have  perpendicular  linear  po- 
larizations, the  saturating  field  can  be  consid- 
ered to  induce  AM  = 0 transitions,  and  the  weak 
field  then  probes  AAf  = ± 1 transitions.  In  the  ab- 
sence of  Af-changing  collisions  the  system  de- 
composes into  two  groups  of  coupled  three-level 
systems  having  the  common  level  in  the  ground 
* (g)  and  excited  (e)  states,  respectively.  The 

Raman  coherence  responsible  for  the  forward  - 
backward  asymmetry  of  the  / = 0 signals  of  Fig.  3 
is  thus  the  coherence  between  adjacent  M sublev- 
els. The  analysis  leading  to  Eq.  (1)  then  predicts 
that  forward  and  backward  signals  differ  by  the 
narrow  Raman-type  contribution,  and  that  this 
contribution  decays  away  rapidly,  leaving  a slow- 
ly decaying  population- induced  component  which 
Is  the  same  for  both  propagation  directions,  Fig- 
ures 2 and  3 give  direct  experimental  evidence 
for  the  two  distinct  physical  processes  which  con- 
tribute to  the  narrow  resonances  of  laser-induced 


FIG.  3.  Time-delayed  line  shapes  observed  in  (a)  for- 
ward and  (b)  backward  directions;  p = 30  mTorr.  The 
dashed  curves  give  the  theoretical  fit. 


line  narrowing. 

A quantitative  analysis  of  the  experiments  must  | 

take  into  account  the  occurrence  of  Af-changing  1 

collisions.8  This  is  done  by  using  the  tensorial  1 

formalism  and  allowing  for  different  multipole 

relaxation  rates  in  each  level.*  A careful  study  j 

of  the  steady-state  line  shapes8  shows  that  the  \ 

width  of  the  narrow  Raman-type  contribution 

arises  essentially  from  the  decay  of  the  excited-  | 

state  alignment,  yielding  a relaxation  rate 
= 6 ± 1 MHz/Tor r.  Just  as  in  the  simple  theory  of 

Eq.  (1),  this  contribution  decays  at  twice  the  op-  ) 

tical  dipole  relaxation  rate  2yMu,=48±2  MHz/ 

Torr,  as  obtained  from  the  linewidth  of  the  back- 
ward signal.  On  the  other  hand,  the  tensorial  ■ 

analysis  shows  that  the  dominant  contribution  to 
the  decay  of  the  backward  signal  comes  from  the 
excited-state  population.  Its  line-center  decay 
[Fig.  2(b)]  then  yields  y,tol  = 3.5  ±0.6  MHz /Torr 
(Fig.  4),  in  agreement  with  a previous  measure- 
ment.10 Finally,  microwave  experiments11  have 
shown  that  the  relaxation  of  the  ground  state  is 
governed  by  a single  rate,  y/“24  MHz/Torr. 

Since  all  the  parameters  are  known,  one  can  com- 
pare theoretical  predictions  (dashed  curves  of 
Fig.  3)  and  experimental  line  shapes.12  The 
agreement  is  quite  good,  except  for  the  short- 
term (<  = 0.25  ps)  behavior  of  the  forward  signal, 
where  the  time  resolution  of  the  electronic  detec- 
tion system  (0. 1 ps)  was  not  high  enough  to  follow 
the  fast  decay  of  the  narrow  component. 

Several  recent  experiments12'18  have  investigat- 
ed the  transient  behavior  of  cascade  and  folded 
three-level  systems  when  the  two-quantum  (or 
Raman)  transition  is  resonant  or  nearly  resonant 
but  the  applied  fields  are  detuned  from  their  re- 


1471 


Voixme  }9,  Number  23 


PHYSICAL  REVIEW  LETTERS 


5 December  1977 


0 20  40  60  80 

P(mTorr) 

FIG.  4.  ytm  vs  pressure.  The  data  were  taken  from 
backward  change  signals  (Fig.  2(b)]  . 


spectlve  single -quantum  transitions.  Unlike  the 
present  studies,  in  which  the  intermediate  state 
(level  0)  is  resonant,  in  these  experiments  the 
buildup  of  population  in  the  intermediate  state  is 
small  and  there  is  no  interference  between  single- 
and  double-quantum  events.  Thus,  the  form  of 
the  change  signals  simplifies  and  many  of  the 
line-shape  details  discussed  above  are  absent. 
Furthermore,  the  large  intermediate-state  de- 
tuning causes  the  change-signal  contribution  com- 
ing from  the  initially  prepared  polarization  to  fol- 
low adiabaticaltythe  saturating  field,  so  that  in- 
formation about  the  decay  of  the  initial  polariza- 
tion is  absent.  Further  comparison  of  these  two 
types  of  experiments  is  given  by  Ducloy,  Leite, 
and  Feld,5  who  also  derive  the  line-shape  ex- 
pressions for  the  case  of  fully  saturating  E2.  A 
time-delayed  Lamb-dip  experiment  has  also  been 
performed  using  a pulsed  dye  laser  to  produce 
counterpropagating  beams. 17 
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This  paper  describes  a new  class  of  uchniques.  called  time-delayed  laser  saturalion  spectroscopy,  which 
combine  frequency-  and  time-domain  rr,  ihods  of  laser  spectroscopy  to  provide  a way  of  studying  a molecular 
system  as  it  evolves  from  an  initially  pr  pared  stationary  state  to  a second,  final  state.  The  specific  example 
analyzed  here  is  three-level  free  inducli  a decay,  in  which  the  time-dependent  gain  of  a Doppler-broadened 
molecular  transition  is  probed  after  th  sudden  termination  of  an  intense  field  resonating  with  a coupled 
tiansition  The  theoretical  calculation  based  on  the  coupled  density-mains  equations  of  motion  in  the 
slowly-varying  envelope  approximation  lhe  lime-delayed  line  shapes,  whch  may  be  studied  in  either 
transmission  or  side  fluorescence,  exhibit  linewidth  asymmetnes,  line-shape  deformations,  Ramsey-tvpe 
fringes  jKiwer  broadening  and  dephasm.  . and  dynamic  Stark  splittings  and  oscillatory  decays.  The  technique 
provides  a unique  way  of  distinguishing  the  influence  of  Raman-type  processes  from  that  of  population 
saturation  and  a means  to  separately  n easure  the  associated  decay  rates.  The  relationship  of  the  present 
work  to  other  studies  is  also  discussed. 


I INTRODUCTION 

Developments  over  the  past  decade  of  powerful 
techniques  in  lasor  spectroscopy  for  measuring 
atomic  and  molecular  structure  and  collisional 
dynamics  in  Doppler-broadened  gases  can  be  clas- 
sified in  two  major  categories.  On  the  one  hand, 
steady- state  phenomena  such  as  standing-wave 
saturation1'3  (Lamb  dip)  and  laser-induced  lino 
narrowing1"'  (three-level)  techniques  have  been 
used  to  obtain  spectroscopic  information  in  the 
frequency  domain  with  great  precision.  On  the 
other  hand,  coherent  transient  phenomena  such 
as  frce-induction  decay,7  optical  nutation,'  and 
photon  echoes’’  have  been  used  in  obtaining  new  in- 
formation about  relaxation  processes  in  tin  time 
domain.  The  main  point  of  this  paper  is  to  show 
that  by  merging  the  techniques  of  these  two  cate- 
gories one  can  combine  the  advantages  of  i . ansient 
and  steady-state  spectroscopy  to  extend  th'  range 
of  available  information. 

To  illustrate  the  new  class  of  techniques,  con- 
sider a conventional  high- resolution  spectroscopy 
experiment  in  which  a tunable  monochromatic 
probe  is  tuned  through  a Doppler-broadened  transi- 
tion saturated  by  an  intense  monochromatic  field 
to  obtain  a narrow  saturation  resonance  (E  g.  1). 
Now  suppose  that  the  intense  field  is  suddenly 
turned  oft,  and  the  Ini'-  shape  of  the  narrow  reso- 
nance is  probed  a fixed  interval  of  time  lat"r.  As 
the  time  delay  is  increased  the  change  signal  will 
become  smaller,  corresponding  to  the  dec.iy  of 
the  saturated  molecules  and  their  return  to  equili- 


brium. Thus,  by  studying  the  line  shape  as  a 
function  of  delay  time  a family  of  curves  can  be 
generated.  This  information  can  be  combined  to 
form  a surface  in  a coordinate  system  having  axes: 
change-signal  intensity  (z  axis),  frequency  detuning 
(x  axis),  time  delay  (y  axis)  (Fig.  2).  Sections 
parallel  to  the  x axis  give  the  change-signal  line 
shape  at  delayed  times.  Similarly,  sections  paral- 
lel to  the  y axis  give  the  free  decay  of  the  system 
at  various  frequencies.  Note  that  this  surface 
could  have  equally  well  been  generated  from  the 
family  of  curves  obtained  from  the  time  decay  of 
the  steady-state  change  signal,  holding  the  probe 
field  fixed  at  various  frequencies. 

Studies  of  this  type  might  well  be  termed  "fre- 
qjency-time-domain  spectroscopy”  because  both 
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IIQ.l.  Simplified  setup  for  time-delayed  saturation 
spectroscopy  experiments.  The  double  arrow  indi- 
cates the  saturating  field,  the  wavy  arrow  the  probe 
field.  The  saturating  field  is  terminated  at  time  f «0. 
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FIG.  2.  Ttiroc-ilimcnslonal  representation  of  the 
time-delayed  change  signals. 


types  of  information  are  obtained  simultaneous  ly. 
As  will  be  seen,  sucli  studies  extend  the  possibili- 
ties of  laser  saturation  spectroscopy,  which  only 
provides  1 iiorinatioii  in  the  Irequency  domain,  as 
well  as  those  of  ordinary  coherent  transient  ex- 
periments, which  only  provide  time-domain  in- 
formation. 

These  time-delayed  change  signals  have  sonic 
very  interesting  features.  For  example,  their 
characteristic  decay  times  may  be  totally  unre- 
lated to  the  inverse  steady-state  linewidths.  What 
is  more,  different  portions  of  the  line  shape  can 
decay  at  different  rates.  Consequently,  the  sh  *[>e 
of  the  narrow  resonance  can  change  during  the  de- 
cay process.  This  behavior  occurs  because  the 
change  signal  is  composed  of  contributions  arising 
from  different  physical  processes  (population  satu- 
ration, Raman-type  processes,  etc.),  eacli  of 
which  has  a different  steady-state  linewidth  and 
decays  at  a different  rate.  Thus,  new  physical 
information  not  available  from  the  steady-state 
line  shape  can  be  obtained  by  studying  the  free 
decay  of  the  change  signal  and  its  line  shape  as  It 
evolves  in  lime.  Otis  r features  which  can  mani- 
fest themselves  in  the  time-delayed  line  shape 
Include  power  broadening  and  drphasing,  ac  St. irk 
splittings,  oscillatory  decays,  and  narrow  Ram- 
sey-type  resonances. 

The  time-delayed  saturation  signals  have  some 
features  in  common  with  conventional  free-induc- 
tion  decay  signals  observed  by  means  of  heterodyne 
detection  using  a monochromatic  laser  field  as  the 
local  oscillator.7  In  the  new  technique  the  probe 
field  acts  as  a local  oscillator  to  beat  with  the 
transient  signals  induced  when  the  intense  field  is 
terminated.  However,  in  this  case  the  probe  fmld 
also  resonantly  interacts  with  the  saturated  mole- 
cules, which  is  not  the  case  in  the  heterodyne  de- 


tection of  ordinary  free- induction  decay.  It  is  this 
interaction  which  gives  rise  to  the  observation  of 
narrow  spectral  line  shapes.  In  contrast,  the  or- 
dinary free- induction  decay  signal  is  the  same,  in- 
dependent of  the  tuning  of  the  heterodyne  laser. 

This  distinction  will  be  made  more  explicit  in  what 
follows. 

As  is  evident  from  the  above  discussion,  the  time 
decay  of  the  change  signal  is  not  simply  the  Four- 
ier transform  of  the  steady- state  line  shape. 

Thus,  the  present  technique  is  not  an  analog  of 
Fourier  transform  spectroscopy,10  where  a com- 
puter is  used  to  transform  free-induction  decay 
signals  and  thus  obtain  a frequency  spectrum.  One 
might  loosely  say  that  in  the  new  technique  the 
molecules  themselves  take  the  transform  of  the 
frec-dccay  signals,  but  it  is  emphasized  that  the 
frequency-domain  signals  so  obtained  contain  phy- 
sical information  not  present  in  the  signals  of  or- 
dinary free- induction  decay.  This  distinction  will 
be  elaborated  later  on. 

The  experiment  above  is  one  example  of  a class 
of  time-delayed  laser-saturation  techniques. 
Similar  behavior  will  also  occur  when  studying  the 
time-delayed  probe  line  shapes  after  the  intense 
field  is  suddenly  turned  on  (analog  of  optical  nuta- 
tion).11 The  technique  is  also  applicable  to  study- 
ing echoes  and  other  coherent  phenomena.  Also 
note  that  the  effects  can  be  studied  both  in  two- 
level  systems  and  in  coupled  three-level  systems, 
either  by  observing  the  probe  transmission  or  by 
detecting  the  side  fluorescence  from  one  of  the 
interacting  levels.  In  all  cases  there  are  interest- 
ing features  which  depend  on  whether  the  probe  is 
co-propagating  or  counter-propagating  with  re- 
spect to  the  intense  field. 

The  present  paper  presents  a theoretical  analysis 
of  one  aspect  of  this  new  class  of  phenomena, 
three- level  free- induction  decay,  and  discusses 
the  new  information  available,  as  compared  to 
that  obtainable  in  the  usual  frec-decay  and  steady- 
state  three- level  experiments.  In  this  type  of  ex- 
periment the  intense  field  saturates  one  transition 
and  the  probe  field,  which  may  be  co-  or  counter- 
propagating,  acts  on  a coupled  transition  (Fig.  3). 
Roth  folded  (Figs.  3(a)  and  3(b)  ( and  cascade  [Fig. 
3(c)  J systems  may  be  studied.  This  technique  pro- 
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FIG.  3.  Energy  level  diagrams. 
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vides  a novel  way  of  measuring  relaxation  pro- 
cesses, and  a unique  means  of  separating  the  of. 
fects  of  population  saturation  from  those  of  Raman- 
type  processes  (see  below).  One  application  is  to 
describe  the  transient  behavior  of  optically  pumped 
lasers. 

A brief  description  of  the  technique  and  some  of 
the  line-shape  features  of  three-level  free  deray 
and  optical  nutation  were  given  in  an  earlier  publica- 
tion.15  An  experiment  which  demonstrates  thi 
technique  in  NH3  will  be  reported  elsewhere.1' 

In  this  paper,  after  a discussion  of  the  equations 
of  motion  in  a three-level  system  (Sec.  Il),  w. 
calculate  the  molecular  response  at  the  probe  fre- 
quency for  arbitrary  intensities  of  the  saturat  ng 
field  (Sec.  Ill)  and  present  a detailed  study  of  the 
velocity  average.  The  two  subsequent  sections  are 
devoted  to  the  discussion  of  the  transient  response 
of  the  probe  field  in  the  limits  of  weak  (Sec.  IV) 
and  strong  (Sec.  V)  saturating  field  intensities . 


Section  VI  calculates  the  time  evolution  of  the  side 
fluorescence  and  compares  the  results  with  those 
obtained  for  the  probe  transmission. 

Many  different  symbols  will  be  used  throughout 
this  article.  To  make  it  easier  to  read,  a glossary 
of  the  main  symbols  is  given  in  Table  1. 

Before  presenting  the  theoretical  analysis,  let 
us  mention  some  relevant  previous  studies:  co- 
herent Raman  beats  observed  in  the  response  of  a 
single  electromagnetic  (e.m.)  field  to  the  sudden 
Stark  splitting  of  a degenerate  transition,14’15  fluo- 
rescence quantum  beats  induced  by  pulse  excita- 
tion,1* transient  two-photon  absorption17’ 18  and 
Raman  emission,19  both  in  the  case  of  a nonreso- 
nant intermediate  state,  and  transients  in  infrared- 
microwave  double  resonance.70  An  experiment  to 
study  the  time-delayed  Lamb  dip  in  sodium  has  al- 
so been  performed. 71  The  connections  between 
some  of  these  works  and  the  present  technique  will 
be  discussed  in  the  concluding  section  (Sec.  VII). 


TABLl  I.  Glossary  of  symbols. 
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Aa' 

(28b) 
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(41b) 
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(53),  (55) 

(2) 

X 
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(A4) 
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(t) 
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(35) 

Electromagnetic  fields 

Probe  gain 
V’elocity  distribution 
Wave  vectors 

Resonant  frequency  denominators 
Lorentzlan  resonance  line  shapes 
Macroscopic  polarization 
VI  ♦ s 

Saturation  parameter 
High-frequency  Stark  splitting 
Thermal  velocity 
Resonant  velocities 
(Complex)  resonant  velocities 
Rabl  frequencies 
Relaxation  rate  of  otJ 
Effective  decay  rates 
Resonance  llncwidth 
Effective  decay  rates 
Frequency  detunings 
Probe  frequency  detuning 
Frequency  detunings 
Gain  change 
Population  change 
Density  matrix  changes 
Population-change  line  shape 
(A,-*,)/*, 

Gain-change  line  shape 
Density  matrix 

(<*t  — *,)/*, 

Molecular  frequencies 
I.aser  frequencies 
Probe  peak  frequency 
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II  EQUATIONS  OF  MOTION 
A Background 

When  an  intense  monochromatic  field  £2,  fre- 
quency f?2,  resonantly  interacts  with  one  of  the 
transitions,  0-2,  of  a Doppler-broadened  mole- 
cular (or  atomic)  gas,  the  level  populations  of  the 
transition  are  altered  over  a narrow  range  of  axial 
velocities  centered  about  velocity  r2  satisfying  the 
resonance  condition  (in  the  molecular  rest  frame) 
n,- (“a  being  the  molecular  center  fre- 
quency; k2~V.2/c).  This  selective  saturation  of  the 
level  populations  alters  the  spectral  propertn  s of 
a second  coupled  transition,  0-1,  molecular  r en- 
ter frequency  jlt  formed  by  either  of  the  sat  a rated 
levels  and  a third  level  (Fig.  3).  In  particular,  if 
a weak  monochromatic  probe  field  £,,  frequt  icy 
n,,  propagating  either  parallel  (+)  or  antipar.illel 
(-)  to  £2  is  tuned  through  the  0-1  transition,  a 
narrow  resonant  change  in  transmission  occurs, 
superimposed  upon  the  broad  Doppler  profile, 
when  f?,  is  such  that  the  probe  field  interacts  with 
molecule  ■<  of  velocity  r2:  R,  = » ly,  (!',  = f2,/c). 

This  effect,  called  laser-induced  line  narrowing, 
has  been  the  subject  of  numerous  theoretical4  and 
experimental’  investigations  devoted  to  studying 
the  line  shape  of  the  change  signal  and  using  the 
narrow  resonances  thus  obtained  in  high-reso!  a- 
tion  spectroscopic  studies.4  It  is  now  well  known 
that  this  effect  cannot  be  analyzed  in  terms  of  pop- 
ulation-saturation considerations  alone,  and  that 
coherent  processes  play  an  important  role.  For 
example,  via  double-quantum  processes  a mole- 
cule initially  in  level  2 can  undergo  transition  to 
level  1 by  exchanging  two  photons  of  energy  h s;t 
and  /ifl,  with  the  applied  radiation  fields  without 
loss  of  phase  memory. 

Because  of  the  close  correspondence  with  the 
Raman  effect,  transitions  of  this  kind  arc  some- 
times called  Raman-type  processes.22  Such  pro- 
cesses exhibit  very  different  dependence  on  mole- 
cular velocity,  according  to  whether  El  and  £,  are 
co-propagating  or  counter-propagating.  This  dif- 
ference gives  rise  to  a directional  anisotropy  in 
the  net  response,  comprised  of  contributions  from 
molecules  of  all  velocities.  Thus,  the  line  shapes 
observed  in  co-propagating  case  (forward  change 
signal)  and  counter-propagating  case  (backward 
change  signal)  always  differ,  in  some  cases  dra- 
matically. This  directional  anisotropy  has  been 
used  to  advantage  in  the  recently  introduced  high- 
resolution  spectroscopic  techniques  using  Dop- 
pler-frec  two-photon  absorption.21 

The  aim  of  this  paper  is  to  study  the  transient 
response  of  the  molecular  medium  as  observed 
on  the  transmission  of  the  probe  field  after  E2  is 
abruptly  terminated.  As  will  be  seen,  many  of  the 


features  discussed  in  the  introduction  will  occur. 
One  particularly  interesting  feature  lies  in  the 
relative  time  evolution  of  population-saturation 
contributions  versus  Raman-type  processes.  As 
soon  as  E2  is  terminated  Raman-type  processes 
cease  to  occur,  since  E2  is  absent  and  can  have 
no  direct  influence.  However,  the  initial  (steady- 
state)  value  of  P,(/),  the  optical  polarization  oscil- 
lating at  0,,  is  influenced  by  the  Raman-type  pro- 
cesses occuring  during  the  preparative  step  ( t e 0). 
The  probe  change  signals  are  completely  deter- 
mined by  £,(/).  Therefore,  as  Pt( 0)  decays  the 
directional  anisotropy  and  other  features  of  the 
change-signal  line  shapes  associated  with  Raman- 
type  processes  will  gradually  disappear.  This  ef- 
fect is  particularly  striking  when  the  polarization 
decay  rate  (" T 2 processes”)  exceeds  that  of  the 
level  populations  ("T,  processes”),  T2«T2,  so 
that  the  change  signals  can  persist  well  beyond  the 
decay  of  P,( 0).  In  this  case  the  shape  of  the  for- 
ward change  signal  will  evolve  in  time,  as  the  in- 
fluence of  Raman-type  processes  decreases,  and 
with  increasing  time  delay  the  initially  different 
forward  and  backward  change-signal  line  shapes 
will  eventually  become  identical.  This  opens  the 
possibility  of  uniquely  distinguishing  the  influence 
of  Raman-type  processes  from  that  of  population 
saturation  and  to  separately  measure  the  associated 
decay  rates. 

B.  Coupled  equations  in  the  slowly  vary  ing  envelope 
approximalion 

Consider  a sample  cell  of  gas  molecules  irra- 
diated by  two  e.m.  fields,  £,(11,)  and  £2(R2),  pro- 
pagating along  the  z axis,  having  wave  vectors  fc, 
and  tk2,  e = + 1 or  - 1 according  to  whether  £, 
propagates  parallel  or  antiparallel  to  £,: 

£1  = <SJcos(n,/-fe1z), 

*=  S°  cos(n2f  - (k2z) . 

The  molecular  energy  levels  of  interest,  levels 
0,  1,  and  2,  form  a pair  of  Doppler-broadened 
transitions  with  molecular  center  frequencies  w, 
and  u)2  sharing  a common  level  (Fig.  3).  It  is  as- 
sumed that  flj  is  close  to  w.  and  O,  to  a>2,  so  that 
Ej  resonates  with  the  0-;  transition  (ID,- 
< Doppler  width).  It  is  further  assumed  that  £, 
cannot  resonate  with  the  0-1  transition,  nor  £, 
with  the  0-2  transition.  This  can  be  ensured  either 
by  proper  choice  of  the  polarizations  of  the  £ fields 
or  by  having  the  molecular  center  frequencies  suf- 
ficiently separated  (I  u>,  - u>2l  > Doppler  widths).  To 
be  specific,  the  problem  will  be  formulated  for 
the  three- level  configuration  of  Fig.  3(a),  a folded 
system  with  level  0 lying  lowest.  The  equations 
describing  the  other  level  configurations,  Figs. 
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3(b)  and  3(c),  are  more  or  less  the  same.!"‘l 
The  system's  time  evolution  can  be  convene  ntly 
described  by  means  of  the  ensemble-averaged  den- 
sity-matrix formalism,  in  which  pu(r)  is  the  den- 
sity-matrix element  describing  the  molecule.1;  with 
axial  (z-axis)  velocity  component  v.  p,,  is  the  pop- 
ulation of  level  ;,  p„(  > = 1 , 2)  is  the  optical  co- 
herence associated  with  the  0-?  transition  (it  is 
proportional  to  the  induced  polarization  oscillating 
at  f?,),  and  pu  represents  the  macroscopic  m lc- 
cular  coherence  induced  between  levels  1 and  2. 
The  following  transformation  allows  one  to  go  into 
the  rotating  frame: 

Po,  = Ooi  e*P  [»(«,/ I.  (2) 

Poi  = CTo2ex P [i(ty-cV)). 

P„  = c12  exp{i  [(fl2  - 0,)  / - (tfc2  - *■,)*  1} , 

where  the  a,,  are  the  slowly  varying  envelope^ 
(8cr„/3/  acr((  'dz  " kotJ).  In  the  rotatin:  - 

wave  approximation  the  n oh ev  the  following 
equations  of  motion11'1: 

0M*  To^oo  - "o)  '-i'oKi  - CTo*|)  - 5 '0(°<a  ~ ,I?2)  • 
fr  . + yj":?  - >/,) r j UHn.  - <»?.) . 

K + * J iaKi  - J + i »0°i*  . 

+ LZ° 02  = 1 - °0c)+  2 'O'0!!  • 

where  a-do/dt , 

tj'Vo.+  'in,- w,-fe,d), 

i-j  = >'os+,(n2-  w,-tfr,t>),  (4) 

*02  = v,2  + I [ n»  - ^2  - w,  + u>2  - (*,  - C*,)l2  ] , 

and 

c = p015?//i,  e-HnS'/h.  (5) 

In  Fqs.  (3)-(5),  p0J  is  the  dipole- moment  matrix 
clement  connecting  levels  0 and  /.  The  Itabl  fre- 
quencies o and  D can  be  taken  to  be  real  without 
loss  of  g<  nerality.  The  background  population 
density  of  level  j (i.e.,  its  population  in  the  ab- 
sence of  the  applied  laser  field)  in  the  narrow  in- 
terval between  v and  r+  dr  Is  denoted  by  »2(r)./n, 

22,(12)  =7/, G(t')p  J C(v)dr  = 1 , 

where  2/ , is  the  total  background  population  d'  nsity 
of  level  j and  C(i')  is  the  normalized  velocity  dis- 
tribution. Finally,  y{  and  yu  are  the  decay  1 ites 
of  the  population  of  level  i and  the  olt  coherence 
respectively.  In  general, 


1 + (6) 

The  equality  in  Eq.  (6)  holds  only  when  phase- 
changing collisions  are  absent,  for  instance  in  the 
case  of  radiative  decay  or  relaxation  by  inelastic 
collisions. 

The  macroscopic  polarization  associated  with  the 
0 -j  transition  is  given  by 

P,  = Re {s>,exp  [i(n,f-  */)]} , 

with 

«\  = 2p 

where  ( ) denotes  velocity  integration  over  G(r). 
The  not  field  associated  with  the  0-1  transition  is 
composed  of  incident  and  reradiated  components, 

£,(*,/)=  Re{(5J+  AS,)  exp  [i(fy  - *,z) )} . (7) 

In  the  experiments  of  interest  the  sample  is  as- 
sumed to  be  optically  thin  and  short  (no  phase- 
matching  problem15),  in  this  case  the  amplitude 
of  the  reradiated  field  will  be  small  compared  to 
the  incident  field  ( I AS , I « S°).  At  the  output  face 
of  the  sample  cell  (r  = f),  A is  then  given  by15 


AS,  ■ 


-2»in,f 


-4sity 


,.Ki>  • 


(8) 


This  gives  rise  to  a change  in  transmitted  intensity 
at  the  probe  frequency: 

/,(f)  = /J  + «n,o/lm<CT0,(/)>,  (9a) 

with  /l  = clS,l*/8i:  and  / ° the  incident  intensity  of 
the  probe  field.  The  last  term  of  this  expression 
is  the  heterodyne  beat  between  the  incident  probe 
field  and  the  reradiated  field.  It  will  exhibit  tran- 
sient behavior  when  the  saturating  field  is  turned 
on  or  off. 

The  gain  at  the  probe  transition  can  be  defined 
by 

We  then  have 

g(f)  = (8r/r)n,fp0,  Im<o0l)/SJ . (9b) 

In  transmission  studies,  and  also  in  studies  of 
spontaneous  emission  line  shapes  at  the  0-1  trans- 
ition,4 f>  is  the  quantity  of  experimental  interest. 

In  some  experiments'5  it  may  be  more  convenient 
to  detect  the  net  fluorescence  emitted  from  a tran- 
sition formed  by  level  1 and  another  lower-lying 
level,  level  4,  as  £,  is  tuned  through  the  0-1  tran- 
sition. In  this  case  the  net  intensity  emitted  at  the 
1-4  transition,  frequency  u>,  into  solid  angle  dSi 
is  given  by55,M 

/,-(R*in/J  «*)!*;,<«„> , (10) 

where  is  the  1-4  transition  matrix  element. 
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Note  that  in  experiments  ot  this  type  one  di.ectly 
monitors  the  time  evolution  of  the  total  |>op  lation 
of  level  1,  as  opposed  to  the  transmission  < \7>cri- 
ments,  which  study  (c,,,  . However,  the  tra  sient 
signals  observed  in  the  two  cases  will  be  similar, 
since  the  two  quantities  are  intimately  relat  'd. 

C Central  »ay  of  tolling  flit  equations 

When  the  condition  n « >(/  is  fulfilled,  tht  probe 
field  is  weak  enough  so  that  Eqs.  (3)  can  be  olved 
by  using  a perturbation  expansion  of  <Jit  in  o 

°<r-  T.  ®*;’ . 

where  is  proportional  to  a*.  This  expat  ion 
of  nir  when  inserted  in  Eqs  (3),  leads  to  a et  of 
equal. ons  which  can  be  solved  for  arbitrary  :nten- 
sit.es  of  the  saturating  field,  i.e.,  for  arbitrary 
values  of  0. 

The  zeroth-order  set  of  equations  corresp  onds 
to  the  rase  in  which  the  probe  field  is  absent 
(a  = 0).  in  this  case  the  molecular  system  b<  comes 
equivali  hi  to  a two- level  system: 

■».)-  -I  i <V-) . (Ha) 

°’iV+  >,K2'  - «,)■  i 1 - o£'*) , (lib) 

KV*l'2°'n  * i - o'®') . (11c) 

There  is  no  coherence  between  level  1 and  li  vels 

0-2, 

(12) 

and  the  population  of  level  1 is  given  by  its  back- 
ground value, 

(13) 

In  the  first  order  in  a the  field  does  not  change 
the  level  populations,  nor  the  0-2  optical  polariza- 
tion, 

«!!'(i)'O0'0,  d4) 

but  it  induces  an  optical  polarization  at  the  0-1 
transition,  as  well  as  a coherence  between  levels 
1 and  2.  These  two  quantises  satisfy  the  coupled 
equations 

ftJ!’+'-i<C“  i »<»(»»,  - <C)+  1 . (15a) 

t.A"’*  « -1  ia<V  * i • H5b) 

The  1-2  coherence  results  from  Raman-type  pro- 
cesses in  which  for  example,  the  molecules  under- 
go transitions  from  levels  2 to  1 by  emitting  a 
photon  at  Uj  and  absorbing  a photon  at  ni.ii 

In  the  case  of  fluorescence  measurements  one 
needs  to  solve  the  equations  up  to  the  second  or- 
der in  a.  The  E,-induccd  population  change  of 
level  1 is  given  by 


i»o(<t;;’ -<£••).  (is) 

As  can  be  seen  from  Eq.  (16),  in  the  v/cdrfv- Half 
regime  fluorescence  techniques  and  transmission 
mcasuremeitts  give  equivalent  information,  since 
>i"u'  = -a  Im'iJ*'.  This  is  a direct  consequence  of 
the  energy  conservation  condition  at  the  0-1  tran- 
sition. 

Note  that  Eqs.  (1 1)  — (16)  are  valid  regardless  of 
the  form  of  the  time  variations  of  3.  In  the  follow- 
ing we  shall  deal  with  the  free-decav  case  (constant 
0*0  for  /< 0,  0 = 0 for  / > 0). 

Ill  CALCl'L  VTION  01"  THl  PROBt  HELDGMV 
A Kesponw  of  a molnuLir  .cloctly  p.tup 

In  the  steady-state  regime  (t  ' 0,&  - 0),  the  solu- 
tion of  the  zeroth-order  Eqs.  (11)  is  given  by 

■'O’-  ¥ 1ZJ5T  "1.1 

•riol-.-4-^Tj^r.  Cn» 


L,(fi  = rt c(i  *s)1,!  *i(n,~  t*,t),  (18) 

the  saturation  parameter  s is  proportional  to  the 
intensity  of  the  E,  field, 

(19) 

and  nl0  is  the  0-j  background  inversion  density, 
'•,c‘n,-no-  (20) 

For  t > 0 (3  = 0)  the  decay  of  the  population  and  of 
the  0-2  macroscopic  polarization  are  straightfor- 
wardly given  by 

<ji?’*(0=a^’(  0)e-^',  (21a) 

(0  = «o+b«(0)  - «,)*•-•  V . (21b) 

The  polarization  at  the  probe  frequency  is  ob- 
tained by  solving  Eqs.  (15a)  and  (15b).  The  origin 
of  the  distinct  contributions  arising  from  popula- 
tion-saturation effects  and  Raman-type  processes 
can  be  readily  seen  in  the  steady-state  form  of  Eq. 
(15a), 

■iicKn.-olS’ *.  (22) 

The  two  terms  on  the  right-hand  side  act  as  source 
terms  to  drive  a01.  The  coupling  between  <70l  and 
the  level  populations  is  evident  in  the  first  term, 
which  gives  rise  to  the  population-saturation  con- 
tributions (“s'epwise”  transitions).  The  coupling 
of  u, , to  the  probe  polarization  appears  in  the 
second  term,  and  is  responsible  for  the  occurrence 
of  Raman-type  contributions. 

The  expression  for  the  polarization  at  the  probe 
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frequency  follows  from  Eqs.  (15a)  and  (15b).  It 
may  bp  written  in  the  form 


(23) 

The  first  term  on  the  right-hand  side  describ*  s the 
linear  response  of  the  probe  field.  It  is  indep>  n- 
dent  of  ? and  so  does  not  exhibit  transient  behavior 
After  velocity  integration  it  gives  rise  to  the  c on- 
stant Doppler-broadened  background  gain. 

The  second  term  of  Eq.  (23)  describes  the  in- 
fluence of  the  saturating  field  on  the  probe  polari- 
zation. Its  value  In  the  steady  state  may  be  ob- 
tained from  the  simultaneous  solution  of  Eqs. 

(15a)  and  (15b)  for  i„  = 0, 


ao';'(0)  = 


»$/orp2  **l0  n70 

L 4,  * 

*('•■  )]■ 12,1 


The  transient  evolution  of  is  determined  by 

Eq.  (15a)  with  ,)  set  equal  to  zero.  This  leads  to 


AoJ,;’  ♦ 4,Ao'll)  = ‘ioK'to-c^1). 


(25) 


The  solution  is  obtained  with  the  help  of  Eqs.  (17) 
and  (21), 


• Isl  Jhn  . e'L''  -g'r°‘ 

4 70  k2w?  /.,  - >0  ’ 

(26) 

where  Ao* }’(())  is  given  by  Eq.  (24).  The  first 
term  in  Eq.  (26)  represents  the  decay  of  the  polar- 
ization created  before  1-0.  The  second  term 
comes  from  the  coupling  between  population  'nd 
polarization,  which  still  exists  after  1 = 0.  Since 
the  reradiated  field  is  proportional  to  Au01(f)  1 T‘ 
[see  Eqs.  (7),  (8) ] the  decay  of  AoJ,!1  (e'i‘‘  term) 
gives  rise  to  emission  of  radiation  at  the  Doppler- 
shifted  natural  frequency,  u>,  **,1',  while  the 
change  in  the  population  of  level  0 (e'V  term) 
modifies  the  stimulated  emission  at  the  prob  fre- 
quency, SI,.  Also  note  that  since  E , is  abseni  after 
1 = 0,  uj,]’  is  not  coupled  to  </[}’,  and  so  transient 
Raman  processes  do  not  show  up  (as  they  would  in 
optical  nutation).  However,  Raman-type  proc  esses 
do  manifest  themselves  in  the  steady-state  P"lari- 
zation,  Ai^l’fO),  and  so  their  influence  decays  with 
the  characteristic  decay  time  of  the  0-1  polariza- 
tion. 


B Velocity  integrated  gain 

To  obtain  the  expression  for  the  probe  gain  [Eq. 
(9b)[,  one  must  ave  rage  the  0-1  polarization  over 


the  molecular  velocity  distribution.  In  the  follow- 
ing, a Gaussian  distribution, 

C(t)«(l  /u/l\e-',m*<  (27) 

4 

will  be  used,  with  u the  thermal  velocity.  Using 
Eqs.  (9b)  and  (23),  one  finds  that  the  gain  at  the 
probe  transition  is  given  by 

tf  = tf0+(8®Mt4i/;ia'Im<a‘Ji!V,  0) , (28a) 

with  g0  the  linear  background  gain.  In  the  Doppler- 
broadened  limit  (y0, k,u) 

£0  = 4*/pJ,N,oA, 

with 

".o^.oCK),  «•,-(»,-«,)/*,. 

The  probe  field  change  signal  may  then  be  defined 

as 

0‘(2klgo/a\lo)lm(^(o\\v,l)).  (28b)  j 

In  the  fully  Doppler-broadened  limit,  where  the 
natural  widths,  >0,  and  the  power-broadened  0-2 
transition  linewidth,  >^(1  *s),/s,  are  much  small- 
er than  the  Doppler  widths  k,u  and  k2u,  C(i)  is 
slowly  varying  compared  to  Ao(r,  I)  [Eq.  (26)]  and 
can  be  taken  as  constant  in  the  velocity  integration. 

This  integration  can  then  be  performed  using  con- 
tour integration,  by  considering  A0  as  an  analytic 
function  of  the  complex  variable  f.  The  path  of  in- 
tegration is  the  real  axis  of  the  complex  plane, 
and  the  contour  can  be  closed  at  + * and  -«  in  the 
upper  half  of  the  complex  plane  in  order  that  the 
exponential  term  c'*i"  (coming  from  e"1*')  van- 
ishes for  infinite  values  of  the  imaginary  part  of 
v,  at  />  0.  The  integration  then  consists  of  eval- 
uating Ao(i>,  0 at  the  poles  lying  in  the  upper  half 
o'  the  complex  plane. 71 

In  /)  the  poles  corresponding  to  L,  =0  and 

L,  - >0  =0  lie  in  the  lower  half  of  the  complex  plane 
and  do  not  contribute.  Of  the  two  poles  coming 
from  |42(i3)P  *0,  only  one  brings  a nonvanishing 
contribution.  The  denominator  (L,L„  ♦J^*)'1  is 
much  more  complicated:  its  two  poles  are  an- 
alyzed in  Appendix  A.  When  k,  - ik,  ^ 0,  there  is 
no  contribution.  This  condition  corresponds  to 
either  « = -l  (counter-propagating waves),  ort  = + l 
and  k,zk,.  In  the  remaining  case  (c  = 1;  fc2  > *,)oneof 
the  poles  lies  in  the  upper  half  of  the  complex  plane 
and brlngsanadditional  contribution  to( 

/.  *,«*,>  0 

As  an  example  of  the  velocity  integration,  we 
shall  discuss  this  first  case  in  some  detail.  The 
pole  of  |t2(il)|"’  lying  in  the  upper  half  of  the  com- 
plex plane  is  given  by 

k,v,  »€(«,-  u,)  +»>„<?,  (29) 
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where 

<?  = (!  + 01'*. 


Using  the  residue  theorem,  this  pole  leads  to  the  following  expression  for  the  probe  field  change 
signal: 


a.(,7  / o , (JL.  JL.  Jta. \ Re>  \±^JZ  «. ...  U * Ho( >+«?>  + ■ e-rv«..i.*| 

.V,o  / °L  (>»  ♦ I*(€)il»  * Wc)i  ♦ s J’ 


(JO) 


(31) 


where  S20  is  proportional  to  the  0-2  inversion  den- 
sity for  the  resonant  molecular  velocity  o,, 

(32) 

v2-c(nl~u)2)k;t,  (33) 

and  5(<)  is  the  detuning  of  the  probe  frequency 
from  the  line  center  of  the  steady-state  saturaiion 
resonance,  fl]°, 

6(c) « n.  - n;*’ , (34) 

of*  = u»,  4 €(*,/*,)( n,-u»,).  (35) 

Finally,  two  effective  decay  rates  have  been  intro- 
duced, 


i 

to  the  transient  population  of  level  0.  Since  this 
term  describes  the  change  in  stimulated  emission 
resulting  from  population  decay,  it  contains  a con- 
tribution (e’V)  exhibiting  neither  Doppler  dephas- 
ing (hence  no  dephasing  due  to  power  broadening), 
nor  beat  frequency. 

When  there  are  no  dephasing  collisions  [>,;  = ](t-( 
+ >>)),  Eq.  (31)  may  be  simplified  to  yield 


A*(*,.l,«)w.(-j£ 


X 


rjQ  *v10  / >*-y04«6(c) 

l-(Q  <r-fra*'*«n«  ^ 

2 y(c)+<5(t)/’ 


(38) 


>b=V0,  ♦(*,/*, )>,.<?,  *36) 

♦](*,-  €*<>/*.]>  «?•  *77) 

The  physical  interpretation  of  Eq.  (31)  is  as 
follows:  (i)  The  last  term  in  brackets  describe  s 
the  decay  of  the  initial  polarization  induced  by  the 
saturating  field  Et  b < fore  1-0.  Since  this  polari- 
zation is  due  to  molcciflcs  in  the  velocity  band  cen- 
tered at  i?,  the  decay  occurs  at  the  Doppler- 
shifted  frequency  w,  + fc,r2  = ft,0.  The  correspond- 
ing emitted  field  interferes  with  the  probe  field  to 
give  a beat  at  frequency  *U).  The  decay  of  this 
beat  consists  of  two  contributions:  the  y01  term, 
which  is  due  to  the  decay  of  the  0-1  polarization, 
and  a “Doppler  dephasing"  contribution,  Vu;<?*i/*j, 
which  is  due  to  the  velocity  spread  of  the  excited 
molecules  | fm r , in  Eq.  (29)|  and  gives  rise  to  a 
corresponding  spread  in  the  emitted  frequencies, 
leading  to  destructive  interference  in  a time  of  the 
order  of  *,(!?,}„  V)’1-  Notice  that  the  latter  contri- 
bution contains  the  influence  of  power  broadening 
in  the  preparative  step.  Finally,  as  expected,  for 
/ 1 0,  the  last  term  of  Eq.  (31)  gives  rise  to  the 
well-known  line  shape  of  the  saturation  resonance 
in  a three-level  system. * 

(ii)  The  first  term  in  brackets  is  a pure  transient 
contribution  (it  cancels  for  both  f-0  and  /»  > '), 
coming  from  the  coupling  of  the  0-1  polarization 


where  >(c)  is  the  width  of  the  Lorentzian  line  shape 
observed  in  the  6teady-state  regime  (f*0), 

><«)  * ir,  4 (ftt/*,)rae  “ «( V 2)<?  • (39) 

Equation  (39)  straightforwardly  shows  the  well- 
known  result  that  the  change-signal  linewidth  is 
narrower  for  forward  scattering  (c  = + 1)  than  for 
backward  scattering  (c  - -1).  Since  the  net  areas 
under  the  gain  curves  are  equal, it  follows  that 
the  peak  amplitude  of  the  forward  signal  is  large, 
than  that  of  the  backward  signal.  This  point  and 
others  will  be  discussed  in  more  detail  in  the  fol- 
lowing section. 

2. 

In  the  case  of  forward  scattering  with  k2  > kt 
[Ref.  24a]  there  is  an  additional  contribution  to 
the  change-signal  gain,  coming  from  the  new  res- 
onant velocity  £*,,  = x.(tf)/k„  where  x.(d)  is  de- 
fined in  Eq.  (A8).  We  then  have 

Eg(t,  +)  • Eg{  v2, 1,  4)  4 &g( rn,  t,  4),  (40) 

where  Eg(v„  I,  *)  is  given  by  Eq.  (31),  and 

.-<r’4ia'ii/« 

**(*!»*.♦)— { ~r7(&)A  '■  (41a) 
with 


j 


A-'*  1 [ r* - n„,  4 i( - Ol* »■(  Wy„)[(t, /»,)ro 4 y - r 4 .(6 - a)1 

r'4i  A'  N,0  - (*,/*,)-’[  r'  - «y0I  4 1( A'  - «6)f 


(41b) 


17 


LASER  SATURATION  SPECTROSCOPY  IN  THE... 


631 


► 


In  this  equation  the  following  notation  is  used: 


r + iA  = [(y  +|6)J  +SJ|‘/l, 

(42a) 

s=0uvfe>  r/l. 

(42b) 

K =(fe2  - *,)/*,  , 

(42c) 

r = (kl/k2)yl,+«rol, 

(42d) 

r'*i(r  + y),  a'  = £(a*6). 

(42e) 

decay  ol  the  change  signals  follows  from  a gen- 
eral result  presented  In  Ref.  26.  According  to  this 
result,  the  time  behavior  of  the  frequency-inte- 
grated gain  should  follow  the  decay  of  ( 0^,(1)) , the 
velocity- integrated  population  of  level  0.  It  is 
easily  seen  from  Eqs.  (17b)  and  (21b)  that 

~n0+  2k  y Q ^ toe  r°'  • 


with  6 the  probe  frequency  detuning  [Eq.  (341  with 
«=♦!).  The  sign  of  the  romplex  square  roo'  in 
Eq.  (42a)  is  determined  by  continuity  from  v * ifi 
at  /1*0.  The  physical  interpretation  of  Eq.  ( 11) 
is  not  as  simple  as  that  of  Eq.  (31),  and  will  be 
elaborated  on  in  the  following  sections.  As  hown 
below,  the  contribution  from  the  vl2  groupa.  ises 
from  Raman-type  processes.  (For  small  0,  '*,2  is 
determined  by  the  resonance  condition  Ln  *0.) 

This  is  the  reason  why  this  contribution  dots  not 
vanish  even  if  the  0-2  transition  is  transparent 
to  the  saturating  field  (.V20  = 0,  iV10  * 0).  For  high 
intensities  we  shall  see  that  this  contribute  ex- 
hibits dynamic  Stark  splitting  [‘‘Autlcr-Towi.es 
effect’*"!.  Finally,  note  that  Ai,'('"12,  /,  +)  simpli- 
fies considerably  when  there  are  no  phase-c hanging 
collisions  [>,2  = )(>t  * >2)[  and 


*'2  "2k,,  y0  - y2 . 

The  quantity  A,  Eq.  (41b),  then  reduces  to 


1 _ 1 

a = r ' + 1 a ' 


hi*  *6 


(43) 


Thus,  using  Eq.  (44)  we  can  write  Eq.  (45)  in  the 
form 

/ A*(/ , c ) rffl(< ) - - — ( ( cM(t))  - n0) , (46) 

in  agreement  with  the  general  result  * It  also 
follows  from  this  result  that  the  net  area  under 
the  bg(vlJtt,t)  change  signal  is  always  zero.  Thus, 
this  quantity  is  either  identically  zero,  as  in  the 
C = - 1 case,  or  it  exhibits  sign  changes  as  the  de- 
tuning is  varied,  as  in  the  «=  + l case. 

Finally,  it  should  be  mentioned  that  these  re- 
sults hold  for  any  particular  velocity  group,  as 
can  be  seen  from  the  frequency  integration  of  Eqs. 
(24)  and  (26),  which  leads  to  a relation  similar  to 
Eq.  (46).  Thus,  Eq.  (46)  is  not  restricted  to  the 
fully  Doppler-broadened  limit.  It  holds  for  a 
velocity  distribution  of  arbitrary  width,  Including 
the  case  of  complete  homogeneous  broadening 
[ C(f)  sharp] . 

The  equal-area  property  will  be  made  use  of 
below  in  analyzing  the  frequency  behavior  of  the 
change-signal  curves. 


C General  features  of  the  prohe  field  gain 
/ t.qualarra  property 


A very  interesting  feature  of  the  gain  curves  is 
that  the  area  under  the  forward  change  sign.il  is 
equal  to  that  under  the  backward  change  signal  at 
any  time  during  the  decay.  Thus,  it  can  be  readily 
shown  by  contour  integration  of  Eqs.  (31)  an  I (41) 
that 


/ A/r(5lf/, <)*«(€)  = • 


jrfc,  j?_ 


"is. 


5 2Af, 


"To* 


and 


(44) 


t,*)d 6=0  . 


We  thus  obtain  the  statement  of  the  equal-area 
property , 


2.  independent-field  approximation  UFA  ) 

The  independent-field  approximation  (sometimes 
referred  to  as  the  rate-equation  approximation)  as- 
sumes that  £,  and  £.,  interact  independently  with 
their  respective  transitions.  The  effects  of  Raman- 
type  processes  are  neglected,  and  so  coupling  only 
occurs  through  saturation  of  the  level  populations. 
This  limit  can  be  obtained  easily  from  Eqs.  (31) 
and  (41)  by  taking  the  limit  As  can  be  seen 

from  Eqs.  (3),  this  has  the  effect  of  completely 
destroying  the  influence  of  Raman-type  processes. 
In  the  limit  A#(  (!,,,/,  + ) vanishes  and  one  obtains 


J + )*  j A^(/,-)//6(-)  . (45) 


e-r0i  e-  tr,  . I6<« > Hi 

♦«*(<)  -I)' 


(47) 


The  equal  area  property  of  the  steady-state  change 
signals  (i.o.,  at  f=-0)  has  been  discussed  beiore.” 
The  fact  that  the  areas  remain  equal  during  the 


Therefore,  in  the  IFA  there  is  no  directional 
anisotropy  and  forward  and  backward  change  sig- 
nals are  the  same.  For  weak  saturation  the  change 
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sgnals  in  the  1FA  limit  are  identical  to  that  of  the 
t =-  1 case  [see  Eq.  (53),  below)  . However,  for 
p'-'y  the  saturation  behavior  of  the  IFA  result  dif- 
fers from  that  of  the  < =-l  case.  This  is  readily 
apparent  in  the  case  where  there  are  no  dephasin? 
collisions,  Eq.  (38),  since  the  factor  (yB  + 16) ' 1 ap- 
pears in  the  second  term  in  square  brackets  in 
Eq.  (47)  instead  of  i(l  - Q)/ [>(-)  + *6(-)) . Thus, 
for  l«y  j1  the  IF  A predicts  Lorentzian  forward 
and  backward  change  signals  of  width  y B rather 


thany(<).  However,  for  y‘‘  >1  zyB  when  the 
initial  polarization  has  decayed  away,  both  for- 
ward and  backward  change  signals  evolve  towards 
the  IFA  value  (see  discussion  in  Sec.  V A). 

IV.  FEATURES  OF  THE  WEAK  FIELD  RESPONSE 
When  the  saturating  field  is  not  intense  [&«yll), 
the  results  can  be  simplified  by  expanding  Eqs.  (31) 
and  (41)  in  orders  of  0/y.  At  the  second  order  we 
have 


+ cxp  { ~ 1 r » + ,6(<  ’ 1 * 


and 


A C(*>?a./.-»  ) 


= _ go  (Jl.  K ne 

A \2fe,  >T/J'  X°VY*»6  Tu  - *y<a  + ' f+«G 


(48) 


(«) 


In  these  equations  y°B  and  y^  are  the  values  taken 
by  yB  and  y K for  0 *0, 

=Toi  + (*1^2^02  . (50) 

V°=V,2+((* ',-  «*,)/*!  1>  01  • (51) 

In  obtaining  Eq.  (49),  note  that  for  0/y«  1, 

T ♦ jA  = r'+iA' «y  ♦ i6  . (52) 


A Counter  propagating  »i«n 


When  the  saturating  and  |irobe  fields  are  propa- 
gating antiparallel  to  each  other  (c  = -l),  Ag  has  a 
simple  form.  The  term  in  brackets  in  Eq.  (48), 
which  determines  the  line  shape  of  the  change  sig- 
nal, Is  equal  to 

ti  <?*P(-r1/>-e*P{-f)-.-n'6(-)|'} 


e*p{- [>°a-nft(-)|<} 

y°,  ♦•'-(-) 


(53) 


The  time-varying  gain  is  proportional  to  the  real 
part  of  ((-).  A first  remarkable  result  is  that  this 
expression  is  independent  of  yu.  This  is  related 
to  the  fact  that  for  < =-l  the  coupling  of  a,,  with 
oul  cancels  after  velocity  integration.  When  the 
two  waves  have  opposite  propagation  directions, 
the  Raman-type  processes,  responsible  for  the 
creation  of  the  a„  coherence,  have  a strong  vel- 
ocity dependence.  When  integrated  over  velocity 
their  net  effect  vanishes. 

At  1*0,  Itei(-)  Is  a Lorentzian  of  width  yj.  If 
y"n>Y0  then  the  c'rS'  terms  will  decay  away  In  a 
time  * 1/y‘n  leaving  only  the  rm,«'  contribution,  a 
Lorentzian  of  width  yj-y,.  As  explained  in  Sec. 


m B 1,  this  term  is  induced  by  the  decaying  popu- 
lation of  level  0.  Its  linewidth  is  narrower  than 
that  of  the  steady-state  contribution  because  this 
term  arises  from  a contribution  to  Ao^j’,  driven 
by  a decaying  population  transient  [ cf . Eq.  (25)] , 
thus  causing  narrowing.  The  narrowing  of  the 
{(-)  line  shape  in  the  time  decay  of  the  c =-l 
change  signal  can  be'  seen  in  Fig.  4(a). 

If  y0  *y°B  the  decaying  change  signal  evolves  in  an 
entirely  different  way.  The  e~r°‘  contribution  de- 
cays rapidly,  leaving  the  c *’£'  contributions,  which 
oscillate  at  frequency  fi(-).  These  terms  are  as- 
sociated with  free  decay  of  the  initial  polarization. 
As  explained  earlier,  the  emitted  radiation,  which 
decays  at  the  natural  frequency  of  the  prepared 
velocity  group,  u>, beats  with  the  probe  field 


FIG.  4.  Backward  (a)  and  forward  (b)  change  signals 
for  weak  saturation  and  no  phase-changing  collisions. 
The  parsmeters  are  *,«*,,  NltmNn,  Y«|"Y.  and  g 
■ 0.1  y.  Time  delays:  1 |»0,  l|»0.5/y,  fj-l/y,  and 
<«-2/y. 
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FIG.  r».  Backward  change  signal  for  weak  satuntlon 
anil>0>>i  The  parameters  are  *,»  ]fc2,  v0=Y, 
y , <=  y ,=  fry  (no  phase-chancing  collisions),  f!»  ('  001  y. 
Time  delays:  /,*0,  /:=-l/y,  l3*2/y,  and  tt- 4/y  . 


to  produce  a gain  component  at  fi(-).  This  type  of 
beatnotc  is  a characteristic  feature  of  free  induc- 
tion decay.  Its  counterpart  in  the  frequence  do- 
main (at  a fixed  delay  time)  is  a narrowing  of  the 
change- signal  line  shape  accompanied  by  inter- 
ference fringes.  For  example,  the  second  term 
of  Eq.  (53)  gives  a line- shape  contribution  of  the 
form 


, cos  6/  - 6 sinftf  . 0 .. 

1 exp(-y#/) 


(54) 


This  expression  behaves  like  a Lorentzian  for 
/<*  l'ya,  but  for  longer  time  delays  it  narrows 
and  develops  fringes  of  width  6=>n^/.  This  nar- 
rowing occurs  because,  by  observing  chan  e sig- 
nals at  delay  times  7r()g)‘‘  one  is  sclectin 
molecules  whose  lifetimes  are  longer  than  the 
average,  and  whose  linqwidths  arc  corresponding- 
ly narrower.  Therefore,  this  method  can  i-e  used 
to  produce  change  signals  much  narrower  than  the 
natural  widths,  although  in  practice  extreme  line 
narrowing  is  limited  by  the  intensity  redm  tion 
occurring  because  of  the  decaying  exponential 
factor  c’S'  Line  shapes  having  similar  physical 
origins  have  been  exploited  by  Ramsey11  in  mag- 
netic resonance  experiments.  Recently  there  have 
been  several  observations  of  this  effect  in  the  opti- 
cal region.”  The  same  type  of  line  shape  has  been 
observed  in  time-delayed  level  crossing  experi- 
ments 11 

The  actual  line  shape  of  Eq.  (53)  Is  composed  of 
two  such  contributions,  each  of  which  exhibits 
fringes.  It  is  plotted  in  Fig.  5 for  vaa  = 0.8l5yo, 
which  corresponds  to  the  case  A*,  = {It,  and  y,  = y2 
= i>, , ( cf . Eq.  (50)]  . The  observation  of  n irrow 
resonances  of  this  type  opens  interesting  possibili- 
ties. 


B.  C o- prompting  ntn 


For  co- propagating  fields  the  effect  of  Raman- 
type  processes  becomes  important  The  term  in 
brackets  in  Eq.  (48)  is  equal  to 


«♦) 


_ exp(-y„<) 

~ y°B-y  o+‘8 


Yo(YoMyM-rn-Yo^e^P[-(>«*»6)t]  . 

(>*  - y0  * *6)(> a ♦ »6)(yJ  + it) 


(55) 


The  transient  evolution  of  the  gain  line  shape  for 
fc,  » A,  is  proportional  to  Re5(+).  As  can  be  seen, 
Eq.  (55)  is  a sensitive  function  of  the  presence  of 
phase- changing  collisions  (see  discussion  below). 
When  they  are  absent,  y0,  +>■,„  =yl2+y0  [cf-  discus- 
sion following  Eq.  (6)]  and  ((+ ) reduces  to 


e-'o */(y» -y0  + «fl)  . (56) 

Thus,  the  contribution  arising  from  the  decay  of 
the  initial  polarization  completely  cancels  and  the 
gain  line  shape  decays  as  a simple  exponential. 
The  change  signal  remains  Lorentzian  throughout 
the  decay,  and  Ramsey- type  fringes  are  absent 
[Fig.  4(b)] . Note  that  in  Eq.  (56)  the  decay  rate  is 
completely  governed  by  population  relaxation  and 
is  independent  of  Doppler  dephasing,  in  contrast 
to  ordinary  two- level  free- induction  decay.1  By 
comparing  Figs.  4(a)  and  4(b)  it  can  be  seen  that 
the  areas  of  forward  and  backward  change  signals 
are  equal  at  any  given  value  of  /,  as  expected. 

For  fea > lb,  there  is  an  additional  contribution  to 
the  change  signal  [cf.  Eqs.  (40)  and  (49)] , entirely 
due  to  Raman-type  processes.  Indeed,  when  k, 

* bl  the  Raman-type  processes  are  velocity  depen- 
dent and  can  only  occur  for  molecules  in  the  r J, 
velocity  group,  defined  by  the  Raman  resonance 
condition  Llt(v)  = 0 


5,°,  * (fi,  - n,  - u>,  + + fy„)/(*2  - *,)  . (57) 


The  real  part  of  Eq.  (57)  is  the  statement  of  energy 
conservation  for  the  Raman-type  process  in  which 
a molecule  undergoes  a transition  between  levels  2 
and  1 by  emitting  a photon  fl2  and  absorbing  a pho- 
ton fl, . The  imaginary  part  of  rj2  gives  the  width 
of  the  resonant  velocity  group.  The  decay  of  the 
t’J2  velocity  group  after  I =0  leads  to  the  Ag(rJj,f,+  ) 
contribution.  Since  this  contribution  is  associated 
with  Raman-type  processes,  it  can  occur  even  if 
the  molecular  medium  is  transparent  to  the  satu- 
rating field  (,v20  =0).  In  this  case  the  contribution 
given  by  Eq.  (55)  vanishes  and  the  net  change  sig- 
nal is  proportional  to  the  real  part  of 

N1#(y  + f6)‘V  <*•<•>•/«  (58) 

The  unusual  time  dependence  of  this  expression 
can  be  understood  by  noting  that  the  initial  polar- 
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FIG.  G.  Forwarilchar.gcsign.il,  V,,  contribution,  lor 
weak  salination.  The  parameters  arc  A-,=  \ A2,  , 

and  p/y*  o.l.  Time  delays:  t ,-0.  /2  0.5/y,  and  l} 

■ 1/y. 

ization  undergoes  free  decay  according  to  exp[:(w, 
4 W Jexpf-y^f).  The  resulting  rcradiated  1 told 
then  beats  with  £,  to  produce  the  time  behavicr  of 
Eti  (OB). 

The  time  evolution  of  this  change  signal  is 
plotted  in  Fig.  0.  As  can  be  seen,  the  change- 
signal  area  remains  zero  throughout  the  decay. 
Also  note  the  development  of  Ramsey- type  fringes 
as  the  decay  progresses.  The  peculiar  shape  of 
this  change  signal  has  been  experimentally  veri- 
fied by  liiinsch  ct  al ,J1  in  the  steady-state  regime. 


FIG.  7.  Backward  (»>  and  forward  <b>  change  signals 
for  strong  phase-changing  collisions  and  weak  satura- 
tion. The  parameters  are  »,  = *;,  Ys”Yj*  Yij"Y.  Ydi 
" Yoi “ &Y.  and  0/y»O.l.  Time  delays:  f,«0,  <j»0.5/ytl, 
f j”  1/Yoo  *4”2/Yoh  and  f s=  4/yoi- 


C.  Indurnc*  ul  phase  changing  collisions 

Phase- changing  collisions  strongly  affect  both 
the  line  shape  and  time  evolution  of  the  change 
signals.  In  the  presence  of  phase- changing  colli- 
sions the  forward  change  signal  is  no  longer  given 
by  the  simple  expression  (5G)  and  Doppler  de- 
phasing effects  appear  [sec  Eq.  (55)) . In  contrast, 
strong  phase-interrupting  collisions  (>g  ^>Y0) 
actually  simplify  the  backward  change  signal,  since 
Eq.  (53)  then  reduces  to  r'hi^yj  + i'ft)"1.  Thus,  in 
this  limit  the  evolutitn  of  the  change  signal  is  i om- 
pletely  determined  by  population  decay  processes. 
The  contribution  arising  from  the  decaying  polar- 
ization is  negligible  and  Ramsey-type  fringes  are 
absent. 

A case  of  special  interest  occurs  when  (he  tran- 
sition frequencies  are  close  (w,  = u>,)  and  the  decay 
of  the  optical  polarization  is  rapid  compared  to  the 
other  decay  rates  (fast  T,  processes)-. 

Yw.Yoi  Y„,>u  • (r,9> 

In  many  atomic  and  molecular  transitions  these 
conditions  can  be  achieved  by  using  a linearly 
polarized  saturating  field  and  a probe  field  having 
a different  polarization.  In  Ibis  case  levels  1 and 
2 are  two  magnetic  sublevels  of  the  same  energy 
level  andy,.  represents  the  relaxation  rate  of  the 
coherence  between  them  ("Zeeman  coherence"). 


which  is  typically  of  the  same  order  of  magnitude 
as  y0,  the  population  decay  rate,  but  much  smaller 
than  the  decay  rate  of  the  induced  optical  polariza- 
tion. When  condition  (59)  is  fulfilled  ((<)  can  be 
approximated  by  [cf.  Eqs.  (53)  and  (55)) 


C«) 


exp(-  y 0t)  yDexp(-y°() 

’ yg  + i6(<)  2 yj[yl2  4 »'«(<)) 


(60) 


The  first  term  of  Eq.  (60)  describes  a broad  reso- 
nance, width  y01  +yoa,  induced  by  the  population 
saturation  of  level  0,  which  decays  at  character- 
istic rate  y0.  This  is  the  only  contribution  to  the 
backward  decay  [Fig.  7(a)) . However,  in  the  for- 
ward direction  there  is  an  additional  contribution 
[second  term  of  Eq.  (60))  in  the  form  of  a narrow 
resonance  of  width  y„,  induced  by  Raman-type 
processes  [Fig.  7(b)) . This  narrow  contribution 
decays  at  a much  faster  rate,  y0i+yoj»  determined 
by  the  optical- polarization  decay  rate. 

Steady-state  (i.e.,  / =0)  forward  change  signals 
exhibiting  both  broad  and  narrow  features  have 
been  observed  recently .”  This  type  of  line  shape 
is  very  similar  to  the  Zeeman-tuned  saturation 
resonances  observed  in  the  intensity  of  the  fluores- 
cence emitted  from  a transition  with  degenerate 
magnetic  sublevels  resonating  with  a single-mode 
laser.1*  Such  resonances,  observed  as  a function 
of  Zeeman  tuning,  consist  of  a narrow  component, 
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associated  with  Zeeman  coherence  (“Hanle  • ffect"), 
superimposed  on  a broader  “population  effei  t” 
resonance.  These  features  are  the  counterparts  of 
the  Raman-type  and  population-saturation  features, 
respectively,  of  Eq.  (60),  €=  + l.37 

The  study  of  the  transient  behavior  of  the  change 
signals  in  such  a system  provides  a unique  way  of 
distinguishing  population  saturation  and  Ram  an- type 
processes,  owing  to  their  very  different  decay  con- 
stants. A remarkable  consequence  of  Eq.  (6  i)  is 
that  after  a time  = (yJ4  +>02)' 1 the  narrow  cc  itribu- 
tion  decays  away,  and  the  forward  change  signal  is 
reduced  to  a broad  resonance  identical  to  th.  back- 
ward signal.  This  type  of  behavior,  in  which  a 
broad  resonance  decays  slowly  and  a narrow- 
resonance  rapidly,  is  different  Irom  the  usual 
frequency-time  domain  behavior  of  linear 
systems.  It  is  a good  example  of  the  fact  that 
in  three-level  free-decay  frequency  and  time 
behavior  are  not  connected  in  a simple  wav. 

The  results  of  recent  experiments  in  which  such 
behavior  is  observed  m NH,  will  be  reported  else- 
where.1 1 


V.  SATURATION  HTLC1S 

\Vher.  the  intensity  of  the  saturating  field  1 > large 
enough  [saturation  parameter  s«:l,  Eq.  ( 1 9 ■ | , new 
features  appear  including  power  broadening  of  the 
resonances,  power  dephasing  of  the  decay  rates 
and,  in  some  cases,  a new  type  of  oscillatory  be- 
havior in  the  decaying  change  signals. 


8(a)  and  8(b) ] . However,  the  areas  of  forward  and 
backward  change  signals  are  equal.  For  high  in- 
tensities (s  » 1 ) Q = 0'(yoyJ)l,t , and  we  have 


Aj?(v  / = 0 «)=* r 

y(«) 


x Re 


y(c)+  »«(<) 


(61a) 


with 

>(«)=<[  ( - <(r0/2»  9 - (61b) 

Thus,  the  change-signal  amplitude  saturates  and 
its  linewidth  increases  linearly  with 
(ii)  In  a time  of  order  of  y'B'  the  e~  •’i  * ,81'  con- 
tribution vanishes,  and  both  forward  and  backward 
signals  are  reduced  to  the  same  Lorentzian  line 
shape. 


**(*»,  M>‘ 


- (A20/A'iq 


k0 


1 ■»  (r0V,)  Ltb-Fo 


Rer_.^^  1, 

|_Tb  -T'o  + ,6(<)J 


,-r0l 


(62a) 


with 

Vb  - y0  =*  (fei  /k,)yaiQ  ■ (62b) 

(This  result  is  valid  even  if  phase-changing  colli- 
sions occur.)  As  can  be  seen  by  comparing  Eqs. 
(61)  and  (62),  as  thebnekward  signal  decays  from 
1=0  its  amplitude  increases  and  its  linewidth  nar- 
rows, while  the  forward  signal  decreases  and 
broadens!  This  behavior  is  clearly  seen  in  Figs. 
8(a),  8(b),  and  9,  where  the  time  decay  of  forward 


A.  Power  broadening  and  power  dephasing 

When  A-j  s-  ck2  (either  counter- propagating  waves 
or  co-propagating  waves  with  A^nA-j),  the  si  ;nal 
is  given  by  Ai,'(  v2, /,«),  Eq.  (31).  As  the  inti  nsity 
of  the  saturating  field  increases  two  features  are 
noteworthy:  (i)  The  change  signals  become  power 
broadened  and  their  amplitudes  saturate;  (ii)  of 
the  two  decay  rates,  the  one  associated  with  popu- 
lation relaxation  (>0)  remains  unchanged,  while 
the  one  associated  with  polarization  decay  fl)  in- 
creases. This  increase  is  due  to  power  broadening 
of  the  velocity  group  excited  during  the  preparative 
stage.  The  growing  range  of  interacting  molecular 
velocities  increases  the  velocity  ("Doppler”)  dc- 
phasing  contribution  to  the  relaxation  rate.  For 
large  saturating  intensities  y„  can  exceed  y by  an 
order  of  magnitude,  and  the  decaying  change  signal 
evolves  in  two  distinct  stages.  For  the  sako  of 
simplicity  let  us  consider  the  case  in  which  phase- 
changing collisions  are  absent,  Eq  (38). 

(i)  For  t«  1 y8  .he  change  signal  is  a Lorentzian 
of  width  y(c)  [ Eq.  (39)) . This  signal  exhibits  the 
well-known  directional  anisotropy  between  lorward 
(<=•»!)  and  backward  (c  =-l)  scattering  [Figs. 


(0) 


FIG.  8.  Backward  (a)  and  forward  (b)  change  signals 
for  strong  saturation.  The  parameters  are 
Ai„».Vjo,  Y(,-Y.  and  Time  delays:/,»0,  /, 

■ 0.2/y,  /,»  0.5/y,  andl4*l/y. 
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and  backward  change  signals  is  plotted  at  line 
center. 

This  behavior  occurs  because  in  the  steady- 
state  the  cunlributi.  .1  from  Itanian-type  proc>  >scs 
broadens  the  backward  change  signal  and  narrows 
the  forward  one,  as  compared  to  the  population 
saturation  value.  When  the  initial  polarization 
(winch  contains  the  Hainan  contribution)  has  on- 
caved  a wav.  in  a time  of  order  yj,1,  this  influence 
is  removed  and  the  1 mew  id  ths  change.  Furthermore, 
it  follows  from  the  equal-area  property  that  rap;d 
line  narrowing  automatically  implies  an  tncri  ase 
in  amplitude,  and  vice  versa.  Any  process  de- 
stroying the  phase  of  the  induced  polarization  — 
such  as  phase-changing  collisions,  Doppler  de- 
phasing or  power  dephasing — increases  yfi  an  I 
thus  accelerates  the  decay  of  the  initial  polariza- 
tion. The  remaining  signal,  due  to  population 
saturation,  then  decays  away  slowly  with  a time 
constant  y' 1 . 

Narrowing  of  this  type  has  been  reported  by 
Shahin  and  Htinsch21  in  a time-delayed  Lamb-dip 
experiment  using  a short-pulse  dye  laser.  It 
should  be  noted  that  pulsed  lasers  are  not  idc.il 
for  such  studies.  The  present  method  has  the 
advantage  that  the  system  can  be  prepared  in  a 
well-defined  steady  state,  and  the  weak  cw  field 
can  precisely  probe  its  decay. 

Another  interesting  type  of  behavior  can  occur 
in  the  backward  change  signal  when  the  initial  sat- 
uration is  large  but  (reduced  Doppler  cie- 

phasing),  so  that  ys  -y01  c (1 r,/fej)yoay  is  of  the  same 
order  as  y0.  However,  the  initial  lmewidth  y(-) 

“ is  still  power  broadened  [Lq.  (33)1.  In  this 
case  the  decay  rates  of  (tie  initial  polarization  and 
the  population  are  comparable,  giving  rise  to  nar- 
rowing at  line  center  and  Itamscy-typc  fringes  at 
the  wings.  An  example  is.  given  in  Fig.  10.  As 
can  be  seen,  the  central  portion  ol  the  line  nar- 


FIG. 10.  Backward  change  signal  for  strong  saturation 
and  ft,  «kz.  The  parameters  are  fe,  = 0.1*j,  y(/  = y,  and 
0/y»lO.  Time  delays:  f,  = 0,  f2  = 0.5/y,  <j«l/y,  and 

2/y. 

rows  from  y(-)  to  yt,  with  a corresponding  in- 
crease in  amplitude,  in  a time  of  order  yj1,  and 
narrow  fringes  appear  at  the  wings  of  the  reson- 
ance, in  accord  with  Eq.  (38). 

B.  Dynamical  Stark  splitting  and  oscillatory  decay 

When  the  two  e.m.  fields  are  co-propagating  and 
k2  is  larger  than  /?,,  a new  steady-state  feature 
appears  at  high  saturating  intensities:  the  reson- 
ance splits  symmetrically  into  two  distinct  peaks.2* 
As  will  be  seen  in  the  following,  the  decay  of  this 
signal  exhibits  a novel  type  of  oscillatory  behavior. 
The  steady-state  splitting  has  been  observed  re- 
cently by  Toschek  and  co-workers. ” Its  line- 
shape  features  have  been  analyzed  by  Skribano- 
witz  et  al .,”  particularly  in  the  case  of  transitions 
with  level  degeneracy. 

This  type  of  behavior  comes  from  the  Ag(r,2, 

/,  ♦)  contribution,  Eq.  (41),  which  increases  as 

at  high  intensities  and  thus  predominates  over 
♦ he  Air(r„  t,  +)  contribution,  whose  amplitude  sat- 
urates. In  the  vicinity  of  the  peaks  A,  Eq.  (41b), 
is  a slowly  varying  function  proportional  to  iS,  and 
so  for 

Vtt.+)°ct,l«)=SI«n£-|v^S—  (63) 

„ T sin(<Vf/x)  + Acos(A'//ic) 

'S  fT Ta* e 

(64) 

The  resonant  behavior  of  the  signal  occurs  through 
the  denominator  of  Eq.  (64).  Using  Eq.  (42a)  one 


17 


LASER  SATURATION  SPECTROSCOPY  IN  THE... 


*37 


l 


FIG.  11.  Forward  change 
signals  for  strong  satura- 
tion, exhibiting  dynamic 
Stark  splitting,  (ai  ,V20 
contribution;  (b)  ,VI9  con- 
tribution. The  para- 
meters are  *,  = ytj 
= y,  and  0«lO4y.  The 
time  delays  are  as  shown. 


can  show  that' 

1 1/1  1 \ 1/1 

= (46S)'^  ~ yMfi  + S)  / ' 

(05) 

For  S ■>  y this  quantity  undergoes  a resonant  en- 
hancement around  6 - iS  (and  a symmetrical  one 
around 

(rJ  ♦ A2)-1  =»  (2S)-‘[r3  ♦ (6  - S)2]-l/* . (66) 

Also  note  that  in  this  vicinity  T and  A,  Eq.  (42a), 
can  be  approximated  by 

r».V1/a{J(6  -A)5  -y  2]'/2  - (6  -S)}1'2 , (67) 

and 

A-.S1/2{[(6.-S)2.y2],/2♦(6-S)}1',.  (68) 

As  seen  in  Eq.  (04!  the  steady-state  (1-0)  s.gnal, 
proportional  to  A(I'-' * A^)"‘,  exhibits  two  re  onant 
peaks  separated  by  =*25.  The  line  shape  of  :he 
6-  +S  peak  Is  given  by 

, „ m s^Ko-sr  + y’FMa-sn1" 

*,2W  '*  2 ^ (6-S)s+yJ  ) ' 

(69) 

This  line  shape  is  asymmetrical,  the  signal  de- 
creasing as  j 6 - S ",/2  for  S >S  - 6 » y and  as 
|C  _S|*‘/2  for  6 -S  •> y.  The  peak  occurs  ai  6 
• 5*y//3.  Its  amplitude  is  proportional  tos‘/2 


and  its  linewidth  (full  width  at  half  maximum 
(FWHM)J  is  approximately  7y.40  This  behavior  is 
illustrated  in  the  t = 0 plots  of  Fig.  11. 

The  origin  of  this  splitting  lies  in  the  high-fre- 
quency Stark  effect3’  or  “dynamical  Stark  split- 
ting," which  is  caused  by  the  mixing  of  the  two 
wave  functions  of  the  energy  levels  of  a transition 
saturated  by  a resonant  e.m.  field.  In  the  optical 
region  this  frequency  splitting  is  velocity  depen- 
dent and  is  usually  w>ashed  out  by  the  Doppler  ef- 
fect. Thus,  when  averaged  over  a wide  velocity 
distribution  the  splitting  is  transformed  into  a 
power  broadening,  which  contributes  to  the  line- 
width  of  the  resonance.’1  However,  in  the  parti- 
cular case  considered  here  the  velocity  dependence 
can  be  substantially  reduced  over  a wide  velocity 
range,  leading  to  the  line  shape  splittings  of  Fig. 

11. 

The  frequency  features  of  the  Stark  splitting  for 
a particular  velocity  group  are  determined  by  the 
resonant  denominator  L,I.I2+  i*?  appearing  in  the 
initial  polarization  Ao*['(0),  Eq.  (24).  It  can  be  writ- 
ten in  the  form 

L,Llt+\l 3*  = -({1,  _ ».)(«, -y.),  (70) 

with  v,  the  velocity -dependent  center  frequencies 
of  the  two  Stark  peaks.  For  dxxyjy, 

y.(ti)  = ui,  ♦ ktv  ♦ 1[  A,  i (^  ♦ U2)1'2] , (71) 

with  A,(i>),  the  detuning  of  the  saturating  field  from 
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resonance, 

Z2--n2-  o2-tk} t . (72) 

This  resonant  behavior  is  due  to  the  couplin 
between  oni  and  oq,,  as  can  be  seen  by  determining 
their  eigenfrcquencies  from  Eq.  (3)  in  the  limit 
a-  0.  A solution  of  the  form  oocc'*1  gives 

(A  - iZ-l2)(A  - iL,)  - (4* , (73) 

which  has  roots  (for  4 » )-,j ) 

V'-n.*V  (74) 

The  corresponding  normal  modes  of  the  optic.  1 
polarization  V , oscillate  at  eigenfrcquencies  <.:,(>  ) 

= A,  • fi,  (see  Eq.  (2).  o,,  equation].  Resonant  <n- 
hancement  occurs  when  R(r)  is  Doppler  shiftt  ! into 
resonance  with  the  probe  frequency.  Setting  U[r) 

- fi,,  i.e.,  A - 0,  Eq.  (73)  then  reduces  to  (70).  1 
For  k,  >«tq  the  velocity  dependence  of  the  ti  rm 
in  brackets  in  Eq.  (71)  adds  to  the  Doppler  sh.ft 
k, i . However,  for  i - *1  and  k2>k,  the  velocitv  de- 
pendence uf  tlivse  two  terms  are  opposite,  leu  iingf 
to  a partial  cancellation  of  the  velocity  dependence 
of  iq.  The  resonant  velocity  groups  contributing 
to  the  Stark  splitting  may  be  obtained  from  the  con- 
dition Si,  - v,(i  ).  For  the  case  k2  - 2 k,  we  have 

fc.r.  K'~  Ji*^‘ -b  y'2.  (75) 

(The  considerations  are  similar  for  k2*2k,.)  For 
' 0 [ - ]R,  - R]*’  - S,  tq  varies  linearly  with  R , but 

as  I r,  J approaches  S the  dependence  is  much  weak- 
er. In  fact,  near  \b  * S the  velocity  groups  i . 

=*  r.  are  essentially  independent  of  R,  over  an  n- 
terval  Ai,a5  k The  washout  effect  is  thus  di- 
minished, since  all  of  the  velocity  groups  in  this 
interval  can  contribute  to  the  high-frequency  stark 
resonance  occurring  at  the  corresponding  value 
of  R,.  This  value  is  determined  by  the  condit.  in 
that  the  quantity  A2  - 52  in  Eq.  (75)  be  close  to  zero, 

| A ] - S , (76) 

which  gives  the  center  frequencies  of  the  Stark- 
split  components  |cf.  Fq.  (09)].  Note  that  because 
of  the  velocity  dependence  the  Stark  components 
are  split  by  2.S  rather  than  by  24,  as  they  would 
be  in  the  homogeneously  broadened  ease.  12,41  Also 
note  from  (75)  that  the  resonance  condition  cannot 
be  satisfied  for  any  velocity  group  when  fi,  is  in 
the  range 

r;*'-S<R1<R],,+S.  (77) 

This  lack  of  resonant  molecules  explains  why  in 
this  range  of  probe  frequencies  the  molecular  me- 
dium is  nearly  transparent  to  the  probe.  Outside 
this  range  there  are  always  velocities  satisfying 
R(r)=  R,,  and  the  interaction  of  the  probe  with  the 
molecular  medium  is  nonvanishing. 44 


As  can  be  seen  in  Eq.  (64),  when  the  saturating 
laser  is  terminated  the  resonance  undergoes  os- 
cillations at  frequency  A'/x  as  it  decays  with  time 
constant  T'/x.  In  the  vicinity  of  the  resonance 
[Eqs.  (4 2 e ) ] 

r'=*^r  (78) 

where  T is  given  by  Eq.  (67),  and 

A'=»*S.  (79) 

The  number  of  oscillations  is  of  the  order  of 

A'/T'=»  (S/y)‘/2.  (80) 

Notice  that  this  behavior  is  different  from  the  well- 
known  Rabi  oscillations  observed  in  optical  nuta- 
tion transients,  since  after  t - 0 the  saturating  field 
is  absent.  The  appearance  of  this  new  frequency 
is  due  to  the  dynamic  Stark  effect,  which  causes 
the  resonant  interaction  between  the  molecules 
and  the  probe  field  to  be  shifted  from  fi]*’  to  a new 
value.  When  the  saturating  field  is  switched  off, 
the  r_  velocity  group,  prepared  before  l-  0,  radi- 
ates at  its  natural  frequency  wq  + t,r..4S  The  re- 
cmitted  field  then  beats  with  the  probe  field  to  give 
a beat  at  fi,  - uq  - k,v.  = A'/x.4S 

Some  typical  delayed  line  shapes  are  plotted  in 
Fig.  11.  A noteworthy  feature  is  the  distortion 
of  the  envelope  of  the  decay  curve,  which  enhances 
the  outer  shoulders  of  the  resonance  as  the  delay 
time  increases.  This  effect  occurs  because  the 
decay  rate, 

r'/«*(V5/2«){[(A-  S)^♦y^]1/J-(A-S)},/^  (81) 

is  frequency  dependent.  This  dependence  is  due  to 
the  fact,  explained  earlier,  that  the  range  of  in- 
teracting velocities,  and  hence  the  Doppler-de- 
phasing  contribution  to  the  decay,  varies  with  fi,. 

It  can  be  seen  in  Eq.  (81)  that  the  decay  is  faster 
on  the  inner  sides  of  the  resonance  than  on  the 
outer  sides.  Thus,  the  asymmetry  of  the  peaks 
is  enhanced  during  the  decay. 

Figures  11(a)  and  11(b)  show  the  *^20  and  ,V10 
contributions,  respectively.  Notice  that  while 
the  S2a  curve  is  initially  transparent  in  the  region 
between  the  Stark  peaks  (i.e.,  [ 6 { <"<S),  the  A'l0 
curve  exhibits  small  gain  over  a broad  region. 

The  sign  of  this  gain  is  opposite  to  that  of  the  Stark 
peaks,  as  it  must  be  to  maintain  zero  area.  After 
a short  time  delay  (/  — S* 1 ) the  situation  is  reversed, 
the  .V,n  curve  exhibiting  a broad  central  gain  region 
and  the  N,0  curve  becoming  transparent  there. 

Also  note  that  the  area  of  the  iV,0  curve  remains 
zero  throughout  the  decay,  as  it  must. 

The  change-signal  expression  in  this  legion 
can  be  obtained  by  considering  Eqs.  (31)  and  (41) 
in  the  limit  j 6 1 «S.  For  example,  in  the  case 
of  no  phase-changing  collisions,  k2  - 2k,  and  y0 
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= >,  ]Eqs.  (38)  and  ,43 )]  one  finds 

^(e*11 -e""').  (82) 

i ‘V  10 

which  exhibits  the  features  discussed  above. 

Finally,  notice  tnut  whereas  all  contributi  ns 
associated  with  the  decay  of  initial  polariza’.^n 
exhibit  power  dephasing  for  d >,,,  the  contribu- 
tions associated  w..h  population  decay  do  no:. 
Therefore,  for  very  lout’ delays  «~y"‘)  the  ine- 
splittuig  disappears.  The  remaining  broad  .'v3, 
contribution  decay  as  r'T  ‘ (population  effe<  t)  and 
evolves  similarly  to  the  backward  resonano  (Sec. 
V A). 

VI.  TIM!  DELAYED  E Lt  OKESCENCE  CH  ANGE  Sit. SALS 

Three -level  free -decay  resonances  can  also  be 
observed  by  monitoring  the  side  fluorescent  <_*  orig- 
inating from  level  1 as  the  probe  field  is  tuned 
through  the  0-1  transition.  As  explained  in  sec. 
1113,  the  fluorescence  intensity  lr  is  directly  pro- 
porliunal  to  \un/,  the  velocity -integrated  pecula- 
tion of  level  1 [Eq.  (10)].  Thus,  this  type  of  ex- 
periment directly  measures  the  time  evolution  of 
the  level  population  changes  induced  by  the  probe 
field.  For  a weak  probe  these  occur  m second 
order  in  cr.  We  will  now  calculate  for  a 
saturating  field  of  arbitrary  b- 

A.  Calculation  of  <o,  , > 

In  the  second  order  in  ci,  a,,  is  determined  by 
Eq.  (10).  The  solution  can  be  written  in  the  lorm 

<r"’(f)  --  -WbJy^nJ  it,  !*)  ♦ Aff"»(|> , (83) 

where  the  first  term  describes  the  time-indepen- 


dent population  change  induced  by  the  probe  field. 
The  second  term,  which  describes  the  modification 
of  the  0-1  transition  rate  induced  by  the  satura- 
ting field,  satisfies 

-a  erff ’ ♦ rlAo[]’  = i»aA(r“’(/)  + c.c. , (84) 

where  Aj^l’U)  is  given  by  Eq.  (26).  The  resulting 
expression  for  (ou(/)),  complete  up  to  order  a2, 
can  then  be  written  in  the  form 

(au(f)>  = ni  - An]  * Aii,(/,  <) , (85) 

with  Ay;°  the  broad  Gaussian  background  population 
change  induced  by  the  probe  field  for  d-0, 

AifV  . 

and  Aii^f,  <)  - (Aa[]’)  the  population  change  signal. 

One  way  of  obtaining  Atf,  would  be  to  solve  Eq. 

(84)  and  then  integrate  the  resulting  expression 
over  the  velocity  distribution.  A simpler  approach 
is  to  integrate  Eq.  (84)  over  velocity,  thus  obtain- 
ing an  expression  relating  A n,  to  \r: 

Aif  + VjAjTj  = -y. Aii“Af(f,  ()/g0 , (86a) 

where  Eq.  (28b)  has  been  used.  This  equation  has 
the  solution 

An ,(/,  c)  = (0,  <)e-T‘' 

go  V 

*J  ^g(l',()e'r‘ ,l’nyldt'j  ■ (86b) 

Thus  the  expression  for  the  population  change  sig- 
nal follows  directly  from  that  of  the  gain  change 
signal,  without  the  necessity  of  doing  additional 
velocity  integrals.  As  could  be  expected,  the  tran- 
sient signal  exhibits  a new  time  constant  y',‘  related 
to  the  relaxation  of  the  population  of  level  1. 


In  this  case  Eq.  (31)  is  used  in  (86b)  to  obtain 


( 

A?£l\dpv  v - 

L^'sy0(\*iQ)  e-r''-e-LB'\ 

\ 2** 

^ l Lq—Y  i / 

, -y0\  t-a-ri  >Wi  '-1 


(87) 


In  Eq.  (87)  the  complex  Lorentzian  denominators 
l.B  and  L M have  been  introduced  to  simplify  the 
form  of  ihe  exprr.  sion, 

Lt  yB<iH<),  L„  ‘ yK  * 16(c)  f (88) 

with  yt  and  y„  given  by  Eqs.  (36)  and  (37),  respec- 
tively. 


In  this  case  Eq.  (41),  used  in  (86b),  leads  to 
Ajf,(f,  ♦)  = A n,(i2,  t,  *)  * An,(£i12,  t,  *) , (89) 

with 


An,(iTj.  f.  ►)-  * A ntS2 


Re 


[ y, (e',>' 

L(r  ftA)A\  (r* 


p.ir,«iA')i/« 

xy,  r»A')/x 


(90) 


(>  ill 


0 l C L CM  UIU,  AM)  y fc  L !) 


IT 


The  notation  used  in  Fq.  (90)  is  the  same  as  ii. 

Eqs.  (41)  and  (42). 

As  can  be  seen  in  Fqs.  (87)  and  (89),  the  st<  dy- 
state  line-shape  behavior  of  An,(/.  < is  identic  il 
to  that  of  Ag(/.  <).  (7  his  follows  from  Fq.  (86  ) 
with  An  - 0.  See  a Is  t lie  discussion  followini  Fq. 
(16).]  However,  the  lime -delayed  line  shapes  arc 
not  the  same.  In  the  following,  the  An,(/,  O ci  ange 
signals  are  analyzed  in  the  limits  of  weak  and 
strong  saturation  of  £,. 


B W eak  field  response 


/ A , > t A , 

The  response  for  J«-<y(<  is  obtained  by  sett,  ig 
<3=0  and  q>  - 1 in  Fq.  (87),  and  replacing  La  a d LM 
by  their  unsaturated  values, 

ZV>i*i6(0.  L'k  -v'k*  i6(c) , (SD 

with  y°B  and  >A  defined  as  in  F'qs.  (50)  and  (51). 

For  counter  -propagating  waves,  An,  is  indepen- 
dent of  f.A,  indicating  the  cancellation  ui  Raman- 
type  processes.  For  t - -1  the  term  in  brackets 
in  Fq.  (87)  becomes 


In  the  co-propagating  case,  Ail.  is  given  by  Eq. 

(8  .)  with  < = ♦!.  This  expression  dramatical: v 
simplifies  when  phase -changing  collisions  ai  e 
absent,  in  analogy  with  the  Ag(/,+)  change  si  ,nal 
[sec  Fq.  (55)].  We  then  have 

L°,--L°K*yB,  (93) 

and  so  the  quantity  in  brackets  in  F'q.  (87)  reduces 
to 


t(») 


1 / y,.(,vr  11  - y ,f~rnl 

V >,  \ 7a  - Fi 


(94) 


As  in  the  \'(t,  ♦ ) ch-inge  signal,  the  influence  of 
Doppler  deph.tsing  is  absent,  but  the  decay  i>f  the 
An,U,  •)  change  signal  is  governed  by  y,,  ns  well 
as  by  y,,.  For  the  penial  case  y,  y,  the  qu.  ntitv 
In  parentheses  in  Fq.  (94)  reduces  to  (1  * yt/ )«’'r •*. 

Next,  consider  the  case  of  strong  phase -ci.ang- 
ing  collisions  and  close  transition  frequencies 
(u)la,ui2),  treated  for  Ag  in  Sec.  IV  C.  In  this  limit, 


y,v*Ti*  - y(e*T»' 

fro 


1 » « y0e*r>' 

2 y*£j « 


(95) 


Just  as  in  the  -V  change  signals,  Fq.  (CO),  ihe  first 
term  of  Fq.  (95)  describes  a broad  populate  n-sat  - 
uration  resonance  A width  y^  y01  while  the 

second  term  is  a narrow  resonance,  width  >,if 
Induced  by  Raman -lype  processes.  But  in  contrast 


to  the  narrow  resonance  of  •V  change  signal,  which 
decays  rapidly  at  the  rate  7rt.  the  narrow  contribu- 
tion of  An  decays  at  the  much  slower  rate  y,.  This 
difference  occurs  because  the  narrow  contribution 
to  the  -in,  change  signal  is  caused  by  the  buildup 
of  population  in  level  1 due  to  the  completion  of 
2-1  and  0-1  Raman-type  transitions.^  Although 
the  information  about  these  processes  is  contained 
in  both  the  initial  polarization  [o'[’(0']  and  popula- 
tion [o]]’(0)],  the  latter  contribution  is  dominant 
when  the  polarization  relaxation  rate  is  rapid. 

Thus,  the  narrow  An,  component  decays  at  the 
population  decay  rate.  This  implies  that  the  back- 
ward-forward asymmetry  cannot  be  eliminated  dur- 
ing the  decay  of  the  fluorescence  change  signal, 
in  contrast  to  the  behavior  of  the  probe-field  de- 
cay signal.  Also  note  that  the  fluorescence  change 
signal  is  not  a simple  exponential,  and  depends 
on  the  population  relaxation  rates  of  both  levels 
0 and  1. 

2 *, < (k2 

For  co-propagating  waves  there  is  an  additional 
contribution  to  An,  for  <■, >t„  which  may  be  ob- 
tained from  Eq.  (90)  using  Fq.  (52).  Just  as  in  the 
Ag  change  signal,  this  term  arises  from  Raman- 
type  transitions,  which  can  lead  to  a population 
buildup  in  level  1.  Thus,  it  can  occur  even  when 
there  is  complete  transparency  at  the  saturating 
field  t-VjO  = 0).  In  this  case  the  An,  change  signal 
is  proportional  to  the  real  part  of 


N,, 


(y  + »6)(y  - xy,  ♦ it>) 


**  i --(f«i»n)«l 

y ♦i6  J' 


(96) 


As  compared  to  the  corresponding  Ag  change  sig- 
nal, Eq.  (58),  Eq.  (96)  contains  an  additional  term 
associated  with  the  cr[f ’(0)  contribution,  which  de- 
cays at  a rate  y,.  Thus,  although  the  two  change 
signals  are  identical  at  f-0,  the  fringes  occurring 
in  the  time  delayed  Ag  change  signals  are  less 
pronounced  in  the  corresponding  An,  signals. 


C.  Saturation  effects 

At  high  saturation  intensities  the  decay  rate  of 
the  initial  polarization  is  very  large  due  to  power 
dephasing.  Thus,  all  of  the  terms  in  Eqs.  (87)  and 
(90)  associated  with  the  initial  polarization  are  di- 
minished since,  as  compared  to  the  corresponding 
Ag  expressions,  each  term  has  an  extra  factor  in 
the  denominator  proportional  to  the  polarization 
decay  rate.*’  Accordingly,  for  0 » 7tl  the  time 
evolution  of  the  An,  change  signals  is  completely 
determined  by  the  terms  decaying  at  the  popula- 
tion relaxation  rates.  Equations  (87)  and  (90)  thus 
reduce  to 
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(98) 


The  dis.qipi  .irancr  f the  contribution  associ  led 
uith  ihc  initial  n ; .iriz.n.. in  is-  responsible  ( the 
following  different  ■ ->  ;n  the  behavior  of  the  • i, 
chan  e small  as  i pa  red  to  I hal  if  the  -i  < hange 
Slitu.il  di>  us--  ■ li.  .'tt.  \ til  1 hi  re  .ire  n > rapid- 
ly rin  .lyn  y,  terms,  (u1  l he  I irward-backw.i  d 
asyu.mi  try  d u s n : dei  rease  as  the  A«,  ch.  ijte 
bign.ils  decay,  (in  In  the  Ad  ('  chang-  sig- 

nal, uliieh  gives  rise  to  the  dynamical  Stark  split- 
tinir,  tl  ' Stark  peaks  decay  slowly.  The  lim  - 
shape  deformation  . : ! oscillatory  behavior  har- 
aclt  I isiic  ol  the  A,  ,i  /,  . ) ei.al.pl  Mhial  a ■ ab- 
sent. 


VII  COM  It.  SION 

This  paper  has  presented  a theoretical  an.  lysis 

of  the  change  signals  n cd  by  the  free -in  iction 

decay  of  a Doppler-1  r..adencd  molecular  tr.  isi- 
tion,  observed  as  a weak  probe  field  is  tunc  1 
through  a coupled  transition.  The  evolving  . ne 
shapes  can  be  stu<  , d either  by  monitoring  : le 
gain  at  the  coupled  transition  or  bv  studying  the 
side  fluorescence.  A«  has  been  shown,  the1  inif- 
delayed  change  signals  manifest  a rich  range  of 
features  including  forward-backward  line-siapc 
asymmetries,  Dopplcr-dcphasing  effects,  Kamsey- 
type  fringes,  power  broadening  and  dephasin,;,  and 
dynamical  Stark  splittings  exhibiting  oscillatory 
decay.  It  was  also  shown  that  the  time-dclavcd 
line  shapes  provide  a unique  way  of  distinguishing 
pulatioii  aturat,  .:1  effects  from  Itaman-tvpc  pro- 
ce-  i s,  o'*  in,;  to  t a ir  (lifleri  nt  decay  times. 

The  experiment..!  .bsrivation  of  time-delayed 
chanr.e  signals  of  the  type  discussed  here  r quires 
that  the  saturatir.  field  tic  terminated  in  a "me 
r which  is  small  i impai  r d to  the  charade!  stic 
decay  times  of  the  optical  polarization, 

(99) 

(conditions  for  validity  of  the  sudden  appro  ima- 
Inin).  Otherwise,  the  initially  prepared  po1  triza- 
tion  cannot  freely  decay,  and  instead  will  t nd  to 
follow  the  time  in  ..avior  of  the  saturating  field. 

If,  however,  f the  change-signal  cont i ibution 
associated  with  ti  e saturated  level  populati  ns 
will  still  decay  at  its  characteristic  rate. 


In  the  present  study  ll.s  applied  fields  have  been 
assumed  to  fall  within  the  Doppler  profiles  of  their 
respective  transitions: 

I , 

with  f>j-  fl;  - the  rietuhir.,;  of  E > from,  the  O-i 
molecular  center  frequency.  Thus,  the  Raman- 
type  processes  occur  in  the  presence  of  a resonant 
intermediate  state.  However,  the  tw  i-photon 
(Raman)  condition  can  be  satisfied  even  if  the  in- 
termediate state  is  nonresonant,  t.e.,  for 

(100) 

in  this  limit,  certain . simplifications  occur.  For  ex- 
ample, the  velocity  spread  of  the  molecule  s can  be 
ignored  in  the  single-quantum  resonant  de  nominators 
( i.,  and  L.),  since  lc,i  < i,  , for  all  velocities.  Fur- 
thermore, for  a given  value  of the  transition  proba- 
bihties  for  both  single-  and  double-quantum  pro- 
cesses are  reduced . However,  the  double-quantum 
transiuons  (i.e.,  Raman-type  processes  involving 
the  exchange  of  tno  quanta  with  the  radiation 
fields**)  predominate,  so  tne  buildup  of  population 
in  the  intermediate’  state  is  small.  Thus,  unlike 
the  case  of  a resonant  intermediate  state,  there  is 
no  interference  between  single-  and  double-quan- 
tum events,  and  the  form  of  the  change  signals  is 
snv.pl. fud. However,  when  the  intermediate 
state  is  nonresonant  an  additional  condition  m.u»t  be 
satisfied  in  order  for  the  sudden  approximation  to 
hold, 

TcsiCj*1  . (101) 

Otherwise,  the  induced  polarization  will  tend  to 
respond  adiabatically  to  the  saturating  field.  In 
practice,  Eqs.  (100)  and  e 1 01 ) are  difficult  to  ful- 
fill simultaneously,  since  they  require  r «(frji)*‘. 
However,  the  regime  in  which 

(102) 

is  readily  acheivable.  In  this  case  the  contribution 
to  the  change  signal  coming  from  the  initially  pre- 
pared polarization  will  adiabatically  follow  the 
saturating  field,*'  and  so  will  vanish  when  E2  - 0, 
but  the  population  contribution  persists  and  will 
decay  at  its  characteristic  rate. 

Several  recent  publications  have  investigated  the 
transient  behavior  of  cascade  and  folded  three- 
level  systems  when  the  two-quantum  (or  Raman) 
transition  is  resonant  or  near-resonant  and  condi- 
tion (102)  is  satisfied.  Theoretical  studies17-19 
have  shown  that  in  this  limit  the  equations  of  motion 
simplify  and  reduce  to  those  of  an  effective  two- 
level  system,  so  that  the  time  evolution  can  be  de- 
scribiM  by  a vector  model  in  which  a two-photon 
Dloch  vector  processes  about  an  effective  field. 
Experiments1*-*’-"  have  verified  the  different 
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The  fundamental  f rcnu  i f this  paper,  th<  tiroe- 
dolayid  i r .nti.:  ! .<  ri  sorginco  lino  shape,  is  a 
i a-  v | i 1 ....  ,i  < : pre- 

paring a s>  stem  in  ..  i.ven  initial  state  and  tl  n 
probtn.t  it  at  a lat<  r time  g e directly  to  the  pro- 
cess of  quantum  m<  inurement.  Thus,  time-de- 
layed laser  salurat.  i spectroscopy  can  prov.Je  a 
direct  am  I v- 1 s . f • ‘ ’ rfv  --.a  • :e  >.  rf  at  ii.ic  and 
molecular  -v.stems — scatti  nr, 4 and  diffusion  me- 
chanisms, thcrniali.  at ion  in  the  gaseous  phase  by 
velocity-changing  collisions  and  radiative  trai.s. 
Icr,  las<  r inti  ractn  ns,  and  ’./-changing  collisions 
in  degenerate  system >*’■’'  can  all  be  studied.  The 
extension  to  [our-K  .el  systems,  where  pump  and 
probe  transitions  h.  \e  no  common  level,  she  Id 
lead  to  similar  informal  on  about  inelastic  ci  lt- 
stons. 
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APPI'MMX  IOLI  SOI 

This  appendix  anaiv/.es  the  solutions  of  the  1 qua- 
tion 


IA1) 


where  /.,  and  are  given  by  Fqs.  (4).  Equation 
(Al)  can  be  written  in  the  form 

(» -a,*«y,,)(Xi'**„-iyll)*Ia**o.  iA2) 

where 

4(-fi(-w(,  (A3) 

\ = {(k,-kl)/kl,  (A4 ) 

\ = t,f  . u\S) 

The  S(  lution  of  Fq.  (A2)  is  straightforward, 

•;:h4-Y^Y'4T'''  i*« 

L * \ X Jj  X \ j 


The  sign  of  the  complex  square  root  is  determined 
by  the  condition 

v.(3-0)  = 6,-i  yM  , x.(3- 0)  = (-6lJ  + iy„)/x  , (A7) 


as  required  by  Fq.  (A2).  Thus,  for  3-0  the  quan- 
tity in  curly  brackets  must  approach 

(6l  + 6„/x)-i(yo,*yu/x). 

The  sign  of  lm(x)  gives  the  position  of  the  cor- 
responding pole  in  the  complex  kxt  plane.  Imj.v.lO)] 
is  always  negative,  whereas  the  sign  of  ImJx.(O)] 
is  the  same  as  tiiat  of  x-  Since  x(3)  is  determined 
by  continuity  from  x(0),  Im(v),  a continuous  func- 
tion of  3,  can  change  sign  only  if  it  vanishes  for  a 
given  value  of  3.  It  is  easily  shown  that  Eq.  (A2) 
cannot  have  a real  solution,  since  y01  and  yl2  are 
always  positive.  Thus  Im(v,(3)j  is  always  negative 
and  Im[x_(3)]  has  the  sign  of  x. 

As  explained  in  Sec.  Ill  D of  the  text,  only  the 
poles  of  x lying  in  the  upper  half  of  the  complex 
plane  can  contribute  in  the  velocity  integrations. 
Thus,  the  x.  pole  never  contributes,  and  the  x. 
pole  can  contribute  only  for  x>0(c  =+  l,fcj>irl).2,<*) 

Using  the  definitions  of  6,  > and  k introduced  in  the 
text,  this  pole  can  then  be  written  in  the  form 

*.»)-*  A. [(‘5!  -£6u)  - <(•"«-£  *..) 


+ «[(y+j«)2+S2]‘/2|  . 


(A8) 
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SATURATf } ABSORPTION  SPECTROSCOPE  OF  CH-jOH  % 

J.R.R.  Leite  , A.  Sanchez,  M.  Ducloy  ar.d  M.S.  Felfl 
Physics  Department  anti  Spectroscopy  Laboratory 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 


Up  to  now  methyl  alcohol  has  been  the 
most  fertile  molecule  for  generating  far 
infrared  laser  radiation  via  CO.,  laser  op- 
tical pumping  [1] . Nevertheless,  of  the 
numerous  CH-OH  submillimeter  emission  lines 
and  their  corresponding  pump  transitions, 
most  of  the  spectroscopic  assignments  have 
yet  to  be  made.  Detailed  knowledge  of  the 
quantum  numbers,  relaxation  rates  and  di- 
pole matrix  elements  is  essential  for  as- 
sessing further  potential  of  these  lasers 
as  sources  and  for  new  fundamental  studies 
of  the  physics  of  three  level  syst  ®s. 

In  what  follows  we  report  soma  high 
resolution  spectroscopic  studies  on  two 
CH-OH  infrared  transitions  in  near  coinci- 
dence with  the  CO,  P(34)  and  P(36)  9.7  pm 
linos.  Their  special  interest  lies  in  the 
fact  that  both  can  be  pumped  with  a low 
power  (''-3W  ) CW  COj  lase..  to  emit  strong 
CW  submillimeter  radiation.  In  the  experi- 
ments saturated  absorption  resonances  (Lamb 
dips)  were  observed  in  a low  pressure  CH-OH 
cell  using  a stable  CO.,  laser,  from  which 
precise  measurements  of  the  pressure  broad- 
ening coefficients,  linear  absorption  coef- 
ficients ar.d  frequency  detunings  between 
the  CO-  and  CH  CH  lineswere  obtained.  In 
subsequent  experiments  a Stark  field  was 
applied,  leading  to  partial  assignment  of 
the  transitions. 

The  expe. -mental  set  up  used  to  ob- 
serve the  Lamb  dips  [2]  is  shown  in  Fig.  1. 
The  CO_  laser,  with  linearly  polarized 
emission,  was  .at  at  100  mW  power  level 
to  eliminate  power  broadening  effects.  A 
piezoelectric  crystal,  on  which  the  laser 
mirror  was  mounted,  permitted  a 90  MHz 
tunability  of  each  CO-  line.  An  NaCl  beam 
splitter  was  -sed  to  divide  the  laser  out- 
put into  two  exponents,  one  intense  (sa- 
turating beam)  and  one  weak  (probe  beam) , 
which  were  passed  through  the  1.5m  CH,OII 
sample  cell  ir  opposite  direction:..  The 
Lamb  dip  occui s as  a decrease  in  probe  ab- 
sorption as  the  laser  is  tuned  across  the 
CH-OH  line  concur.  By  measuring  the  fre- 
quency separation  between  the  Lamb  dip  and 
the  center  of  she  CO-  emission  profile, 
the  CH  ..OH  trar.  .ltion^f rcquency  could  be 
obtained  with  - resolution  much  better  than 
its  50  MHz  Doppler  width.  For  the  P(34) 

_CO^  line,  the  mnthcu' oi_ transition  lies 

38i5  MHz  above  the  CO.  center  frequency’.' 
The  transition  overlapping  the  P(36)  line 
lies  25J5  MHz  above  the  corresponding  CO, 
line  center.  The  absence  of  Lamb  dips  r'6r 
the  V (32)  and  ’(38)  CO,  lines  indicates 
that  the  corre iponding^CH^OH  transitions 
are  detuned  by  ^t  least  45  MHz. 

The  lino. if  absorption  coefn.ient  fgr 


Figure  1.  Experimental  set  up. 


the  P134)  overlanping  line  is  a-1 . 1 i . 5m 
Torr-1.  By  observing  the  lincwiath  of  the 
Lamb  dip  with  increasing  pressure,  the  col- 
lision broadening  coefficient  was  found  to 
be  y=18M  MHz/Torr  (llWHM)  . The  respective 
numbers  for, the  P136)  overlapping  line  are 
a=1.6i.3  m iorr  and  y=26i5  MHz/Torr. 

From  early  low-resolution  studies  [3] 
it  could  be  established  that  the  CO-  9.7um 
band  overlaps  the  Q branch  of  the  C-Q  par- 
allel stretching  mode  of  CH-OH.  However, 
the  rotational  quantum  numbers  for  the 
various  coincidences  were  unknown.  Their 
identification  was  the  subject  of  our  Stark 
effect  experiments.  Applying  a static  el- 
ectric field  to  the  CH.OH  gas  sample  splits 
the  magnetic  (m)  sublevels  of  the  rotatio- 
nal manifold.  Consequently , each  Lamb  dip 
will  split  into  a series  of  dips,  reflect- 
ing the  character  of  the  Stark  effect  (lin- 
ear or  quadratic)  and  the  level  degeneracy 
(J  value).  In  our  experiments  P(34)  and 
P(36)  coincidences  both  exhibited  linear 
Stark  effect.  The  following  discussion  is 
valid  only  in  this  case.  When  the  polari- 
zation of  the  saturating  field  is  parallel 
to  the  Stark  field  and  the  probe  field  po- 
larization is  perpendicular  to  it,  the 
Lamb  dip  splits  into  two  multiplets,  the 
strucutre  of  which  are  not  resolved  if 
Ae-A g is  small  compared  to  y (Ae(Ag)  is 
the  splitting  between  adjacent  m-states  in 
the  excited  (ground)  levels] . The  separa- 
tion between  the  two  components  is  then 
A=(Ac+Ag)/2.  This  relation  results  from 
the  fact  that  the  saturating  field  is  in- 
ducing AM=0  transitions  while  the  probe 
couples  to  the  Am=±l  transitions. 

If,  on  the  other  hand,  both  probe  anci 
saturating  beams  are  polarized  along  the 
Stark  field,  the  Lamb  dip  splits  into  a 
series  of  2J+1  components,  separated  by 
6=|Ae-Ag|.  Figure  2 shows  the  Stark  pat- 
terns obtained  for  the  P(34)  and  P(36) 
coincidences.  In  these  traces  a 30  V/cm, 

10  kHz  modulation  was  added  to  the  static 
(a.300  V/cm)  Stark  field,  Ds,  and  phase 
sensitive  detection  was  used.  In  cor.sc- 


quence,  the  observed  signal  occurs  as  the 
derivative  of  the  Lorentzian  dips,  ar.d  the 
central  component  is  absent.  The  J value 
of  the  transition  follows  directly  from 
the  number  of  dips.  From  data  like  Fig.  2 
taken  at  different  values  of  Es  and  both 
polarization  configurations  we  obtain  for 
the  P(34)  coincidence:  J=l,  A=28u3MHz/ 
(kV/cm),  5=3 . 3i . 3MHz/ (kV/cm) . The  corres- 
ponding values  for  the  I’ (36)  coincidence 
arc  J = 7,  A=25±3  MHz/ (kV/ cm)  and  6=3.5 ± 

.3  MHz/ (kV/cm). 

i'urther  work  is  under  way  to  complete 
the  assignments . Preliminary  estimates 
for  the  transition  dipole  matrix  element, 
using  symmetric  top  partition  functions, 
are  ’'•.03  Deoye  for  both  transit. ons.  De- 
finitive values  wili  oe  obtained  after  the 
Kt  quantum  numbers  have  been  determined. 

As  for  the  permanent  dipole  mom.  nts,  we 
can  conclude  from  .5/A  that  the  vibrational— 
ly  excited  and  ground  state  values  differ 
by  '>-10%. 

Experiments  are  also  in  progress  to 
assign  the  submillimeter  emitting  transi- 
tions and  study  their  properties.  These 
experiments  employ  a low  pressure  CH,OH 
sample  cell,  saturated  by  the  pump  laser 
and  probed  by  the  submillime cer  emission 
of  an  optically  pumped  CH-OH  laser.  Both 
steady  state  and  transient  experiments 
arc  planned. 
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Figure  2a.  Lamb  dip  Stark  splitting  of 
CO^P ( 34 ) -CH^OH  coincidence. 
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Generation  of  far  infrared  (,'IR)  la- 
ser radiation  by  means  of  optical  pumping 
of  molecules  has  received  increasing  at- 
tention over  the  past  few  years  [1).  In 
the  course  of  the  development  of  rin 
sources  two  important  features  have  been 
largely  neglected;  (l)  the  assignment  of 
the  pump  and  FIR  transitions;  (ii)  the  de- 
tailed tuning  behavior  of  the  FIR  emission. 
Knowledge  of  these  two  points  is  essential 
for  a complete  understanding  of  the  opti- 
cal pumping  mechanism,  and  for  assessing 
the  full  potential  of  various  FIR  laser 
sources  and  their  extension  to  new  spec- 
tral ranges.  The  assignment  of  C!I,OH 
transitions  is  presented  in  another  talk. 
This  communication  discusses  the  frequency 
characteristics  of  the  FIR  emission. 

Analysis  of  the  optical  pumping  pro- 
cess is  usually  based  on  rate  equations 
(RE)  (2).  However,  it  is  well  known  that 
two-quantum  Raman-type  processes,  which 
are  not  accounted  for  in  RE  treatments, 
play  an  important  role  in  three  level  sys- 
tems of  the  type  employed  in  FIR  optical 
pumping  [ 3 J . For  instance,  these  processes 
give  rise  to  a directional  anisotropy  in 
the  reemissior.  of  radiation.  The  way  in 
which  Raman-type  processes  manifest  them- 
selves depends  or.  whether  the  transitions 
are  homogeneously  or  inhomogeneously  broa- 
dened. For  these  different  cases,  we  will 
analyze  the  frequency  dependence  of  the 
linear  gain  at  the  FIR  0-1  transition  (fre- 
quency w.)  when  the  excited  level  0 is  op- 
tically pumped  via  the  2-»0  transition  (w.) 

. * 

IT  Fully  Doppler-broadened  systems 

This  case  Is  now  well  understood  [3] . 
For  weak  pump  intensities,  the  gain  curve 
is  Lorentzian,  narrower  in  forward  emis- 
sion (e=+l)  than  in  backward  emission 
(c»-l),  and  it  centered  at  frequency  u.,  x 
(l+eS./u.) , where  6_  is  the  frequency  de- 
tuning of  the  pump.  The  full  widths  at 
half  maximum  .f’WHM)  are  respectively  y(*)=» 
(y.+Vj.) /u, , where  y.  is  the  decay 
rate  of 1levcl° j [5].  In  addition,  the 
peak  forward  gain  is  greater  than  the 
backward  gain  so  that  the  "areas"  under 
the  two  Lorentzians  are  equal.  The  for- 
ward-backward anisotropy  increases  with 
w./ojj.  For  large  pump  intensities  the 
forward  reemission  line  splits  in  two  com- 
ponents because  of  the  dynamical  Stark 
splitting.  The  line  splitting  is  given  by 
26  a j (u2-w^) , where  3 is  the  Rabi  nu- 
tation srequsr.cy  on  the  0-2  transition 
(6=pE/r.) . Ths  splitting  in  maximum  for 

oij-Wj/2. 


2.  Systems  in  which  only  the  pump 
transition  is  Dodd ler-bro no- ncu 

TTirr  is  the  case  in  which  the  Doppler 

effect  at  the  FIR  frequency  is  negligible 
compared  to  the  pressure-broadened  line- 
width,  but  the  pump  transition  is  still 
Doppler-broadened.  Then  the  single-quantum 
2-0  transition  and  the  double-quantum 
transition  have  the  same  Doppler  shift, 
causing  the  forward-backward  anisotroov  to 
disappear.  Furthermore,  the  gain  curve  is 
centered  at  the  FIR  molecular  frequency. 
Only  its  overall  amplitude  depends  on  the 
detuning  of  the  pump  frequency.  The  line- 
shape  of  the  gain  curve  is  given  by 


Re 


' r.t  +r.,Q  + * s, 


where  y. . is  the  relaxation  rate  of  the 
i-j  coherence,  6.  is  the  FIR  frequency  de- 
tuning and  the  saturation  parameter  is  Q= 
(1+B  /YqY,)  • w^erl  phase-changing  co.- 
lisionsuare  absent  lY;  =(Y  +Y  )/2] , the 
lineshape  is  a LorentHan  &f  width  y.+v  Q 
(FWHM) . The  linewidth  increases  witn  in- 
creasing pump  intensity,  and,  at  high  in- 
tensities, the  gain  saturates  (g-»l).  The 
RE  approximation  corresponds  to  making  y., 
infinitely  large  in  Eq.  (1),  in  order  to1 
cancel  the  1-2  coherence  (absence  ot  Raman- 
type  processes).  Thus,  for  weak  pump  in- 
tensities RE  gives  the  correct  result,  but 
not  for  an  intense  pump,  where  RE  predicts 
a gain  curve  whose  width  does  not  power 
broaden  (FWHM=2y„^)  and  whose  peak  increa- 
ses linearly  withi3.  The  correct  behavior 
[Eq.  (1)]  is  a direct  consequence  of  the 
occurrence  of  two-quantum  transitions. 
Notice  also  the  absence  of  dynamical  Starx 
splitting,  which  vanishes  in  the  velociuy 
integration . 

3.  Homogeneously-broadened  systems 

When  the  Doppler  effect  is  negligible 
for  both  transitions  the  gain  curve  re- 
verts to  the  well-known  results  observed 
in  microwave-microwave  and  microwave-RF 
double  resonance  experiments.  , In  particu- 
lar, at  high  pump  intensities  the  FIR  line 
splits  in  two  resonances,  the  splitting 
depending  on  the  pump  intensity  and  the 
detuning  of  the  pump  frequency  (5). 

A.  Experimental  o_b  servat  ions 
The  experimental  study  of  the  FIR  tunin;’ 
behavior  for  different  cases  is  under  way. 
The  sample  is  a methyl  alcohol  cell  placed 


inside  a Ira  waveguide  cavity  and  optically 
pumped  by  a 10W  c.w.  CO,  laser.  Prelimi- 
nary studies  o£  c.w.  FIR  emission  at  X" 

120  urn  [pump  a=9.7  um,  P(36)  line],  A=80 
pa  (P(34)  pump]  and  other  wavelengths  are 
in  progress.  The  emission  frequency  is 
tuned  with  a PZT  mounted  on  one  of  the  FIR 
cavity  mirrors.  At  both  30  pm  and  120  um, 
for  low  ("'<100  mTorrs)  pressures  (case  1), 
two  narrow  bands  of  FIR  emission  are  ob- 
served when  the  CO,  pump  frequency  is  de- 
tuned from  the  CH.OH  center  frequency. 
These  correspond  do  forward  and  backward 
reeaission  components  of  the  standing-wave 
FIR  field,  and  ara  symmetrically  located 
around  the  FIR  transition  frequency.  Due 
to  the  small  values  of  (O.OSn,  0.12), 

tho  f orvard-cackward  asymmetry  is  very 
weak.  Reenusion  at  A=40um  [P(34)  CO, 
pump)  shoul  : '■.mbit  more  pronounced  asym- 
metries. C.  s (2)  and  (3)  will  be  stud- 
ied by  goir.t  to  higher  pressures  and  lon- 
ger FIR  wave iar.gths  (A  = 500  um)  • Obser- 
vation of  transient  FIR  emission,  obtained 
when  the  pump  laser  is  suddenly  turned  on 
or  off,  is  also  under  way,  in  order  to 
check  the  theoretical  predictions  of  a 
previously  performed  analysis  [6]. 
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Aburaci  Omnium  metr.slilcal  predictions  for  the  gam  of  an  op- 
tically pumped  tvv  HR  U.e:  are  presented  for  cases  in  which  one  or 
both  of  the  pump  and  -R  transitions  arc  pressure  or  Doppler 
broadened . I he  results  are  compared  to  those  based  on  the  rate  equa- 
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lion  model.  Some  of  the  quantum  mechanical  predictions  are  verified 
in  CH,OH. 

GENERATION  of  far  infrared  (FIR)  laser  radiation  by 
means  of  optical  pumping  of  molecules  has  received 
increasing  attention  over  the  past  few  years  (1).  Analysis  of 
the  optical  pumping  process  is  usually  based  on  rate  equation 
(RE)  treatments  [2] . Such  treatments  neglect  important  con- 
tributions to  the  FIR  gain  due  to  multiple  quantum  processes 
and  modulation  of  the  time-dependent  wave  function.  From 
the  quantum-mechanicaJ  (QM)  point  of  view  an  optically 
pumped  laser  can  be  considered  as  a coupled  three-level  sys- 
tem interacting  with  applied  radiation  fields.  It  is  well  known 
that  in  such  systems  Raman-type  processes  (3]  play  an  impor- 


Copyrighl  © 1977  by  The  Institute  of  Electrical  and  Electronic!  Engineers,  Inc. 
Printed  in  U.S.A.  Annals  No.  7O6QF026 


St-  1 k.SON  rt  el  Ol'TK  \l  : Y IH  Mi  l D GW  UK  LASH'S 


4k* 


tant  role  l hi  example . double  quantum  transition' can  occur 
m whuh  a molecule  initially  in  the  ground  state  undergoes  a 
coherent  transition  to  the  lower  level  ot  the  FIR  transition  by 
simultaneously  absorbing  a pump  photon  and  emit  ling  a FIR 
photon.  Such  processes  can  modify  the  gain  and,  in  some 
cases,  give  rise  to  directional  anisotropy  in  the  FIR  saser  emis- 
sion |3] , [4] . Accordingly,  a complete  understanding  of  the 
quantum  mechanical  features  makes  it  possible  t • optimize 
the  output  characteristics  of  such  lasers.  For  example,  in  one 
case  [5]  it  has  been  possible  to  achieve  gain  and  laser  oscil- 
lation in  the  absence  of  population  inversion.  The  way  in 
which  Raman-type  processes  manifest  themselves  depends  on 
whether  one  or  both  of  the  coupled  transitions  are  pressure  or 
Doppler  broadened  In  Sections  i-lll  the  predictions  of  the 
QM  treatment  for  the  gain  of  an  optically  pumped  laser  are 
discussed  lor  the  vano  .s  cases  Section  IV  present'  some  FIR 
laser  experiments  in  wh.ch  QM  features,  not  predicted  by  rate 
equations  are  observed. 

The  theoretical  model  (6)  considers  a three-level  system 
composed  of  a pump  transition,  2-0,  center  frequency  w2, 
coupled  to  a FIR  transition.  0-1 . center  frequency  u), , via  the 
common  level,  0 (Fig  1 ) It  is  assumed  that  in  the  absence  of 
the  pump  laser  only  the  ground  state,  level  2,  is  populated 
(total  population  n2).  The  pump  field,  t'2 , at  frequency  £2  2. 
can  be  arbitrarily  large,  but  the  field  Ex , frequency  £2,  , gen- 
erated at  the  0-1  transition  is  considered  to  be  weak  ( 7 ] . 
Different  relaxation  rates  (7  s)  are  included  in  the  theory : pop- 
ulation decay  <7o.7i  -72)-  polarization  decay  (70i  . 7oj  )■  and 
decay  of  the  Raman  coherence  (7,2 ) The  quantity  of  interest 
is  the  gain  induced  at  the  0-1  transition  by  a weak  probe  field 
propagating  either  parallel  or  antiparallel  to  E2  Let  W(u) 
be  the  normalized  velocity  distribution  of  molecules  with  ve- 
locity component  c along  the  propagation  direction  of  the 
fields 


W(y)  = 


— pr-  exp  - (u/u)2 , 

u v rr 


u2  = IkTjM 


(u  = thermal  velocity  T = molecular  mass).  The  probe  field 
gain  is  then  given  by  [hj 


(,{U,  ) - <7„<J2  Im  7,0 


-R  7;o/7o 
AB 


W(i  i art, 
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I ig.  1 rh roc -level  system  used  m describe  jn  optically  pumped  I I R 
laser  The  pump  field  resonates  with  the  2-0  transition,  molecular 
center  frequency  The  MR  laser  emission  occurs  at  the  0-1 

transition,  molecular  center  frequency  cci 


- kvv, 

Sl'2  = Sl2  - ek2  v, 

kj  = n,/c 

The  frequencies  £2’,  and  £2’2  are  those  seen  by  the  molecules  in 
their  rest  frames  and  are  Doppler  shifted  by  kxv  and  ek2v,  re- 
spectively For  copropagating  (countcrpropagating)  beams  we 
have  e = +l(e  = - 1 ).  Depending  on  whether  pump  and  probe 
transitions  are  pressure  or  Doppler  broadened,  any  of  the  cases 
described  in  the  following  three  sections  can  occur. 


1 Homogeneously  Broadened  Systems 
'High-Pressure  Regime) 

When  both  transitions  are  pressure  broadened  ( 7 » Ac , 2u) 
the  velocity  dependence  at  both  pump  and  probe  frequencies 
may  be  neglected  (i.e.,  £2',  = £2, , £2'2  = £22),  so  the  factor  in 
brackets  in  (1)  becomes  velocity  independent  and  the  remain- 
ing integration  over  Wfu)  gives  unity.  In  this  case  the  gain 
curve  reverts  to  the  well-known  result  of  microwave -microwave 
and  microwave-RF  double  resonance  experiments.  For  sim- 
plicity, let  us  inspect  the  case  in  which  all  relaxation  rates  are 
equal.  Equation  (1)  can  be  written  in  the  following  form,  first 
given  by  Javan  [9]  : 

+ 1 - 

72  + (a  + b)1  7J  + (0  - bV 

<JL' 1 (2) 

(4a2  + 72 ) [72  + (a  + b)2  ] [y2  + (a  - b)2  ] 


G = G0 


2a2  [2 


where 


G0  = 4 n 


wJ,  M? 

c ' h 


7 ’ 


a = (A2  + 4p2)'/2l2, 


b = A,/2-  A,, 

and 

A,  = £2(  - cjj. 

The  first  two  terms  give  rise  to  a doublet  with  resonant  fre- 
quencies at 

«i(±)  = w,  + i [A,  ±(Al  ♦40*)1'*]- 

The  third  term,  which  is  due  to  interference  originating  from 
overlap  of  the  components  of  the  doublet,  is  important  only  at 
low  intensities  (0  « 7),  when  the  splitting  is  small.  For  very 
large  intensities  ((3  >>7,  A2)  the  doublet  separation  is  20. 
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This  splitting  is  s manifestation  of  the  dynamical  Stark  effect 
I Aullcr-Tuwnes  elfect). 

Let  us  first  analyse  the  gain  expression  for  the  case  of  reso- 
nant pumping  (A2  = 0),  where  G is  always  largest.  At  low  in- 
tensities a peak  gam  of  3GO02 /y2  occurs  at  A,  = 0.  The  peak 
gain  increases  with  increasing  pump  intensity,  reaching  a max- 
imum value  <70/3  for  0 - yll.  At  a slightly  higher  intensity 
10  = 57/7)  the  line  begins  to  split.  As  0 continues  to  increase 
the  splitting  increases,  ar.d  for  0 » y the  peak  gam  at  each 
doublet  component  approaches  a limiting  value  G01 4. 

l or  off-resonance  pumping  (A2  » 0 » 7)  the  gain  curve 
is  again  in  the  form  of  a doublet  with  peaks  of  equal  magni- 
tude Gn  02  ,'Af  occurring  at  A,  = 0 and  A,  = A2 . 

The  corresponding  expression  in  the  RL  limit  can  be  ob- 
tained from  ( 1 ) by  setting  7,3  -*  which  has  the  effect  of 
completely  destroying  the  Raman  coherence,  i.e.,  no  double 
quantum  processes  can  then  occur.  Setting  all  other  decay 
rates  equal  we  then  obtain 

202y2 

Rt  ° (A?  + 7j  ) ( A2  + y2  + 405 ) 

In  contrast  to  (2),  tms  expression  is  always  a Lorentzian  func- 
tion of  A,  of  wiuth  27  (FWHM),  which  has  a peak  value  at 
A,  = A2  = 0 of  magnitude 

G 202 
G°  y2  + 402 

Therefore,  for  weak  pumping  the  RE  predicts  a peak  gain 
2Go02ly2.  somewhat  smaller  than  the  QM  result  For  strong 
saturation  the  RE  limit  predicts  no  splitting  and  a peak  gain 
that  is  twice  as  large  as  that  of  each  doublet  component. 

II  Svt>ri  Ms  in  Which  Only  the  Pomp  Tkansi  iion 
is  Doppler  Broadened 

Dus  is  the  case  in  which  the  Doppler  effect  at  the  FIR  fre 
qucncy  is  negligible  compared  to  the  pressure-broadened  line 
width,  but  the  pump  transition  is  still  Doppler  broadened 
(k  . u « 7 « k2  u).  Therefore,  in  the  velocity  integiation  of 
i 1 ) the  k,ti  velocity  dependence  may  be  neglected  (Si',  = ft, , 
ft2  = ft2  - ek2i>).  This  gives 

, 202 

GTA,)^  — 

. Rc  [^M^C>-7o(Q-  0/2  V A,  1 (3) 

ID2  + (1  A,  +7io)('^i  +721  + 7ioQ)  ) 

with 

„ co,  n]  ,V2  exp  |-(A2//t2u)J] 

G o - 4 n — - — 77= , 

c li  k:u/>Ji r 

anu  sac nation  parameter 

u-  1 1 + 4fl2/7«>72 1 1/2 

When  phase  changing  oo  lisions  arc  absent  [i.e.,  tor  y^- 
(7,  7/ )/ 2 J the  numerator  becomes  a factor  of  the  denomi- 

nator. and  the  line  shape  oecomes  a Lorentzian  of  width 
7,  >7o(?(FWHM). 


The  RE  approximation  corresponds,  again,  to  setting  y,2  = » 
in  (3).  For  weak  pump  intensities  the  RE  limit  agrees  with  the 
QM  result  but  not  for  an  intense  pump,  where  the  RE  predicts 
an  emission  line  that  does  not  power  broaden  (FWHM  = 2*y0 , ), 
and  whose  peak  gain  increases  as  01  y.  In  contrast,  for  large 
Ply  the  QM  expression  (3),  predicts  that  the  gain  reaches  a 
limiting  value  G'0(2y3ohfo  ~ 0-  This  behavior  is  a direct  con- 
sequence ot  the  occurrence  of  two  quantum  transitions  No- 
tice also  the  absence  of  dynamical  Stark  splitting,  which  van- 
ishes in  the  velocity  integration. 

When  the  pump  field  becomes  so  intense  that  0 k:u  the 
Doppler  shift  at  the  2-0  transition  is  no  longer  important,  and 
the  system  reverts  to  the  homogeneously  broadened  case  of 
Section  I. 

111.  Fully  Doppler-Broadened  Systems 
The  fully  Doppler-broadened  limit  has  been  studied  exten- 
sively over  the  past  few  years  [6],  In  this  case  y«kl3u, 
and  so  the  Doppler  shift  at  both  transitions  is  important.  This 
gives  rise  to  a directional  anisotropy  in  the  gain.  The  integra- 
tion can  be  performed  analytically  in  the  limit  02  « 7 (ku). 
Complete  expressions  may  be  found  in  [10] . 

For  weak  pump  intensity  and  no  dephasing  collisions  the 


emission  line  shape  is  a Lorentzian,  narrower  in  the  forward 
direction  (e  = +1)  than  in  the  backward  direction  (e  = - 1),  and 
is  centered  at  frequency  ft°(e)  = u>,(l  + eA2/cu2).  The  re- 
spective linewidths  (FWHM)  are 

7(f)  = 7i  + 7o  + (72  - f7o)  u>i/w2-  (4) 

The  peak  gain,  located  at  frequency  ft?(e)  for  e = ± 1,  is  given 
by 

G(e)  = 4G'o02/[yoy(e)]  (5) 


Note  that  the  gain  in  the  forward  direction  exceeds  that 
in  the  backward  direction  [G(+)  >G(-)] , and  that  because 
7(+)  G(+)  = y(-)  G(-)  the  “areas”  under  the  two  Lorentzians 
are  equal.  The  gain  anisotropy  has  made  it  possible  to  con- 
struct a unidirectional  optically  pumped  laser  amplifier  in  a 
ring  cavity  configuration  [1 1] . 

The  gain  anisotropy  G(+)/G(-)  increases  with  the  ratio 
cj,  /uij . In  the  case  when  all  the  7’s  are  equal 

G(+)/G(-)»  1+cj,/cj2.  (6) 

In  the  limit  of  u,/u2  « 1 
G(+)  = G(-)  =:  2G'O02 ly2 , 
and  the  anisotropy  disappears. 

For  large  pump  intensities  (ku  > 0 > 7)  the  anisotropy  be- 
tween forward  and  backward  emission  line  shapes  becomes 
even  more  pronounced.  The  backward  emission  line  shape  re- 
mains Lorentzian,  with  a linewidth  7,  + Q[y0  + (7,  + y0)  ■ 
cjj/cuj)  (FWHM).  Accordingly,  for  large  0/y  the  backward 
gain  profile  power  broadens.  At  the  same  time  its  peak  value 
approaches  a limiting  value 

G'oyi/ho  +(72  +7o)wi/oj2]- 

In  contrast,  at  large  pump  intensities  the  forward  emission  line 
shape  splits  symmetrically  into  two  components  separated  by 
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- of,)]'  J The  splitting  of  this  doublet  is  max- 
imum fot  uii  = u>2  2 This  splitting  is  another  mjnifestation 
of  the  dynamic  Stark  effect,  discussed  in  Section  I,  which  is 
prescived  in  the  fully  IXjppler  broadened  limit  when  E,  and 
E 2 arc  copropagating  Note,  however,  that  although  the  split- 
ting increases  linearly  with  2.  as  in  the  pressure  broadened 
v.aae  its  magnitude  is  different  In  contrast  to  the  counter- 
propagating  case,  the  peak  gain  of  each  component  does  not 
saturate  with  increasing  pump  intensity,  but  instead  continues 
to  increase  a(t3/7)1/3  ip  to  the  point  0'-ku,  where  the  sys- 
tem is  no  longer  Doppler  broadened  and  the  gain  saturates,  as 
described  in  Section  1 

In  comparison  with  the  above  results,  the  RE  approach  in 
the  fully  Doppler-broaaened  limit  predicts  identical  Lorentzian 
gain  profiles  centered  ai  fi?(±)  There  is  no  forward-backward 
anisotropy,  since  Raman-type  processes  are  neglected  (3).  For 
weak  pump  intensities  the  gain  curves  are  identical  to  the 
backward  gam  curve  of  the  QM  case.  For  large  pump  inten- 
sities the  Lorentzians  power  broaden.  In  the  case  of  no  dephas- 
mg  collisions  the  linewidths  are  7]  + 70  + Q( y0  + 72)  w,/co2 
(FWHM),  somewhat  narrower  than  the  e = - 1 QM  linewidth 
With  increasing  pump  intensity  the  peak  gain  (for  both  e = ±1) 
approaches  the  limiting  value  ) 72/(72  * 70),  which 

is  larger  than  that  of  the  t = - 1 QM  peak  gain,  bui  smaller  than 
the  gam  peaks  of  the  t = +1  doublet 

IV  Experiments 

We  have  studied  the  emission  characteristics  oi  an  optically 
pumped  FIR  system  which  is  fully  Doppler  broadened.  Two 
types  of  experiments  will  be  described  In  the  first  a weak 
tunable  field  is  used  to  probe  the  gain  line  shape  at  the  FIR 
transition  in  an  optically  pumped  external  cel)  Subsequent 
experiments  study  the  frequency  characteristics  of  th;  output 
of  an  optically  pumped  FIR  laser.  In  this  case  the  laser  field 
itself  serves  as  the  probe. 

In  the  gain  line  shape  studies  a CHjOH  sample  cell  was 
pumped  with  a CO-  laser  and  probed  with  the  ladiation  from 
a FIR  CHjOH  laser.  The  C02  laser,  capable  of  delivering 
12  W CW  at  9.7  pm,  had  a 1-m  discharge  and  used  a diffrac- 
tion grating  for  line  selection.  Power  was  coupled  out  of  the 
cavity  via  the  zerct..  diffraction  order.  The  frequency  of  the 
C02  laser  could  be  controlled  by  adjusting  the  voltage  of  a 
PZT  attached  to  the  end  cavity  mirror. 

Most  of  the  CCF  laser  power  was  used  to  pump  the  FIR 
laser  The  HK  laser  cavity  was  of  the  waveguide  type  with 
two  flat  mirrors,  one  of  which  was  mounted  on  a second  PZT. 
The  HR  cavity  mi  des  could  be  tuned  by  adjusting  the  PZT 
voltage  The  CO.  pump  beam  was  focused  inside  the  FIR 
cavity  through  a 2-mm-diam  hole  in  one  of  the  mirrors.  This 
hole  also  served  to  couple  out  the  FIR  radiation.  The  FIR 
^avity  was  filled  with  CHjOH  in  the  pressure  range  S0- 
500  mtorr.  Using  different  COj  pump  lines,  CW  FIR  radiation 
at  several  wavelengths  could  be  generated  (I|.  The  experi- 
ments reported  below  studied  the  FIR  emission  of  the  70.5- 
pm  line,  (P(34)9.7-pm  C02  pumpl . 

In  the  external  cel!  experiments  about  1 W of  the  C02  laser 
power  was  sp  it  eff  from  the  main  beam  and  sent  unfocused 
to  pump  a 60- cm  cell  filled  with  low-pressure  (<100  mtorr) 
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t ig  2 Experimental  setup  for  studying  the  CHjOH  HR  yam  induced 
m in  external,  optically  pumped  sample  cell 


Kig.  3.  Observed  HR  gam  profiles.  Lock-in  amplifier  output  versus 
HR  probe  frequency  is  shown  in  traces  fa).  <b),  (c)  the  frequency 
setting  of  the  C02  pump  laser  is  successively  incremented  by  7 MHz 


CH3OH  (Fig.  2).  The  collimated  output  of  the  FIR  laser, 
aligned  to  coincide  with  the  C02  beam,  was  used  to  probe  the 
gain  at  the  coupled  transition  of  the  CHjOH  sample  cel)  in  the 
forward  direction.  A TPX  filter  placed  after  the  sample  cell 
was  used  to  reject  the  pump  beam  and  transmit  the  FIR  signal. 
A He-cooled  InGe  detector  was  used  to  detect  the  FIR  radia- 
tion. The  C02  laser  was  chopped  at  100  Hz.  and  synchronous 
detection  was  used  to  measure  the  gain. 

Fig.  3 shows  the  output  of  the  lock-in  detector  as  the  FIR 
frequency  is  swept.  The  sample  cell  pressure  was  50  mtorr. 
In  gain  profiles  (a),  (b),  and  (c)  the  C02  pump  frequency  was 
successively  increased  by  increments  of  7 MHz.  The  distortion 
in  the  line  shapes  is  due  to  the  power  change  of  the  probe  laser 
(operated  at  300  mtorr)  as  it  is  tuned  over  its  "HO-MHz  range. 
The  gain  profiles  are  found  to  be  2.4-MHz  wide  (FWHM) 
Power  broadening  was  negligible  at  the  available  pumping 
power,  so  that  if  we  assume  7i  = 7o  = 7 in  (4)  (with  c = ±1) 
we  obtain  7 = 24(±6)  MHz/torr.  Under  these  experimental 
conditions  a peak  FIR  gain  of  5 percent/m  was  measured. 

The  forward-backward  gain  anisotropy  is  one  of  the  most 
interesting  predictions  of  the  QM  treatment  in  the  fully 
Doppler-broadened  limit.  Equation  (5)  predicts  a higher  gain 
in  the  forward  direction  than  in  the  backward  direction,  the 
gain  anisotropy  ratio  being  1 + (6).  For  the  70-pm 

FIR  transition  to,  = 0.08w2 , yielding  a small  anisotropy  ratio 
which  would  be  difficult  to  observe  in  forward/backward 
probe  experiments.  Instead,  the  gain  anisotropy  was  investi- 
gated by  studying  the  tuning  characteristics  of  the  FIR  laser 
itself,  because  near  threshold  the  power  output  is  very  sensi- 
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1 Ut  4 f requency  prolife  cl  HR  gain  induced  by  a standing-wave 
pump  field  Hie  dashed  lines  show  the  Doppler  profile  of  the  0-1 
transition  iai  and  ibf  shoes  the  gain  contributions  from  the  right 
and  left  propagating  traveling  wave  components  of  the  standing  wave 
field  Peaks  occur  at  S2? lt)«  wj  t djojiui  Note  that  in  both 
(a)  and  (b)  for  > 0(Aj  < 0)  the  emission  component  above  (be 
low  ! uij  has  higher  gain 

live  to  smali  changes  in  gain  In  these  experiments  the  FIR 
laser  was  operated  in  the  low-pressure  (80  mtorr)  targe  In 
order  to  resolve  the  forward  and  backward  emission  line  shapes 
the  pump  laser  was  detuned  from  the  center  of  the  CHjOH 
Iransition  It  is  important  to  realize  that  the  gain  anisotropy, 
usually  described  for  the  tiaveling  wave  pump  field,  is  not  de- 
stroyed when  the  pump  field  is  in  the  form  of  a standing  wave, 
as  is  ihe  case  in  our  Firs  cavity  (Fig  4)  If  the  pump  laser  is 
set  at  the  high-  (low-)  frequency  side  of  the  CHjOH  absorbing 
transition,  the  high-  (low-i  frequency  component  ol  the  FIR 
emission  line  shape  should  exhibit  higher  gain,  ami  this  gain 
asymmetry  should  give  rise  to  a corresponding  asymmetry  in 
the  FIR  laser  output  as  the  FIR  cavity  is  tuned. 

This  is  verified  in  the  experimental  results  of  Fig  S:  when 
the  pump  is  tuned  to  the  center  of  the  absorbing  transition 
(^2=0)  1)  forward  and  backward  line  shapes  overlap,  giving 
rise  to  a single  symmetrical  profile  of  the  FIR  laser  output  tun- 
ing curve  For  a pump  frequency  detuning  of  A;  =7  MHz 
7)  the  components  begin  to  split  and  the  gain  asymmetry  be- 
lomes  apparent  With  ncreased  detuning  3)  the  splitting  be- 
comes larger  and  both  peaks  decrease  in  magnitude,  but  the 
backward  peak  decrease,  more  rapidly  since  its  gam  is  closer 
to  oscillation  threshold  eventually  only  the  forward  emission 
component  has  enough  ; ..in  for  laser  oscillation 
Similar  effects  have  been  observed  in  the  visible  in  a three- 
level  system  in  neon  in  which  the  common  level  (level  0)  is 
lowest  in  energy  [ I 2] 

Further  experiments  h explore  the  QM  features  ol  optically 
pumped  CM  ,011  FIR  lasers  arc  in  progress.  Studies  aie  planned 
using  transitions  having  shorter  FIR  wavelengths,  where  the 
gain  anisotropy  is  more  pronounced.  Cases  (1)  and  (2)  will  be 
studied  by  going  to  higher  pressures  and  using  longer  FIR 
wavelengths  (X  ~ 500  pm)  Studies  of  the  transient  behavior 
of  the  FIR  emission,  obtained  when  the  pump  laser  is  sud- 
denly turned  on  or  off,  u:e  also  under  way 
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Fig  5 FIR  laser  output  tuning  curve  Laser  output  intensity  versus 
cavity  tuning  is  shown  u)  on-resonance  pumping  K 0).(b)  A 2 = 
7 MHz,  (c)  A2  = 14  MHz 
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This  papa  explores  energy  absorption  and  energy 
ttansfci  induced  b\  vibiu.ional  (V  \ ) collisions  fol- 
lowing intense  lasei  excitation •*  A theoielical  model 
is  domed  which  predicts  that  under  appropriate  con 
ditions  several  quanta  pc r molecule  can  he  absorbed 
in  vibrational  energy.  This  is  confirmed  using  a pulsed 
( Os  laser  to  vibrational!;,  heat  '-VlljF  In  addition 
we  directly  measure  the  energy  stored  in  the  vibra- 
tional modes  and  show  ;l  a a steady  state  exists.  These 
tindings  are  basic  to  the  use  ot  molcculai  gases  as  enn- 
jy  storage  media  Furthermore,  a complete  knowledge 
of  the  energy  distribution  ol  vibralionally  hot  but  r> 
tationally  cold  gases  opens  interesting  possibilities  f< 
achieving  laser  oscillation  and  for  sludymg  chemical 
reactions  in  excited  vibrational  slates 

Consider  an  intense  pulse  of  laser  radiation  teso- 
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nattily  inter  doling  with  one  of  the  ground  stare  ( u - 
(1*1)  rotational  vibrational  transitions  of  a diatomic 
molecular  gas  When  the  laser  pulse  time  (rp)  is  long 
compared  to  the  rotational  bottleneck  time  ( r H ) . the 
entire  rotational  manifold  of  the  u = 1 state  can  be 
populated’  If  t p is  short  compared  to  the  character- 
istic V V collision  time  (Tyy),  the  energy  flow  into 
the  system  will  be  limited  by  the  condition  that  not 
more  than  half  of  the  ground  state  population  can  be 
transferred  into  the  u = 1 vibrational  state  However 
if  Tp  > rvv  additional  energy  can  flow  into  the  sys- 
tem This  comes  about  because  the  normal  V V proc- 
esses as  they  occur  in  thermal  equilibrium  are  unbal- 
anced by  the  presence  of  the  intense  laser  field.  The 
User  continually  acts  to  equalize  the  u = 0 and  u = 1 
level  populations,  and  resonant  V V processes  can 
then  lead  to  additional  vibrational  heating.  For  exam- 
ple, consider  the  process  in  which  two  molecules  in 
the  u = 1 state  collide  to  produce  a u = 2 molecule 
and  a u = 0 molecule.  The  u = 2 molecules  thus  created 
will  be  carried  up  the  vibrational  ladder  by  subsequent 

' rg  i rg//,  with  Tg  the  rotational  ihermahzation  time,  and  f 
the  fractional  population  of  the  lower  level  of  the  laser  tran- 
sition. Letokhov  and  Makarov  (2j  have  considered  the  re- 
gime where  rg  > ryy  See  also  ref.  [3|. 


241 


V j.  r 4 A m.  ■ 


• Ml  Ml.  M n l.Mt  SI,  ril  MS 


1 lurv  p»' 


\ \ l(u»„  Ii.c  iti  os  transferred  t.  the  r = 0 
level  unbalance  the  popuia:i..r  equality  of  the  i - 0 
an. I Males  II  sscser  t laser  maintains  this 

equality  . thereby  bringing  Jilional  energy  into  the 
s\siem  7 his  build  up  of  st  cJ  vibrational  energy  ..an 
. .rtinui  until  \ I :c.a\a'  (characteristic  time 

T ^ j I VCtS  III 

f he  the  ret ual  model  assumes  ( I ) < rp.  <2l 

r , ( !■’  p. event  the:  jl  healing)  and  1 3>  a pulse 
sui'iuentiv  intense  ts  cqu..  /si  • 0 and  1 level  popu 
lat  .ns  t r o . ....  t a!,  velocities  Assuming  rex. 
nant  bmaiv  \ V pi,  .evse  and  dipole  dipole  colli- 

s. .  ns  in  the  hai in.  m.  oscillator  appts,\inut  on.  the 
vibrational  healing  of  a dial  mills  molecule  a an  be  dc- 
v.  t.bed  by  a , , s, pled  late  cq  .at  ions  of  the  fsum  1 

d P.  df  ♦ ; 7 y V III"*  I 1 1 ♦ U<  l ' ♦ I )|  / Pt 

IA  P:  | P U v | 1(1  » 1 | Pt  . j ?t  ( 1) 

- o/i  P | lift,  ! , i.  i 0.1.2. 

Hce  P is  me  traction  id  . desules  in  the  nth  level. 

i 

is  the  \ V late  constant  lrVN  ~ \*  The  right 

hand  side  ot  eq  1 1 ) describes  the  pumping  of  the  v = 

0 • I transition  tabsorptum  aisiss  section  of  by  a lase: 
field  sd  plis'ioii  tlux  / hot  full  saturation  of  the  laset 
transition  P,  - P,  and  vs e assume  that  a quasi-equi- 
librium  ts  established  among  slates  u > 1 having  an  et- 
te.  live  temperature  which  iKreases  with  time.  The 
noinbei  ot  quanta  pci  mo. -a  lie,  i.  is  then 

< St  Pi  - 1 1 Px  ?,  < 2a) 

Ding  cq  ( I i and  initial  conditions  ?(l(0)  = j^](0)  = 

1 ?,(/)  is  then  given  bv 

I ?*  ♦ 4 ln(2  £,  )*  4 ♦ 7V\  f . (2b) 

fioni  which  , (M  can  be  obtained.  Computer  solutions 
sd  es)  1 1 ) agiee  with  eq$  (2)  and  confirm  that  an  ef- 
le  live  tciupeiature  is  est  .blished  [5 J . 

In  polyato  i.ia  molecu  .s.  where  other  modes  are 
piesent,  the  c orgy  absorp  :on  process  is  modified  by 
V V crovs  ovei  ai'llisions.  which  lead  to  energy  trans- 
fer to  othei  in  a. a s However,  when  the  it  = 1 level  of 

’ Hie  lrtth.mil  side  ul  this  equation  is  given  by  Shuler  |4|. 
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a aloveiv  ai'upled  mode  ig.  is  a:  least  ^ i. f above  that 
• : the  mode  being  pumped,  i a (as  in  the  < H , I expert 
montsi.  a temperature  relationship  |eq  (5)  bei  w ] is 
rapidls  established  between  the  f..»ics  during  the  put";' 
tr.g  piaKtess.  ard  the  number  ot  quanta  w itiur.  the  :ti>  dcs 
< 4 ar.d  < b increases  with  tj  > eb  As  a result,  the  r, 
vibrational  energy  deposited  in  a polyatomic  molecule 
is  scrv  nearly  ih,  uw  as  in  the  diato;  :c  .avc.  so  that 
eq  ( 2 1 still  hold,  w ith  < - t J * t ^ and  ^ being  the 
\ \ rate  constant  of  the  mode  being  pumped  Com- 
pute: tabulations  |*|  confirm  these  findings  As  seen 
be.,  w qs  (2i  gise  good  agreement  with  the  data 

The  '*  o5  um  Pi  52 1 IDs  iaser  line  tails  within  the 
Ix.pplct  w idth  ot  the  i ; (i  = 0 ♦ I i Ki4,  s i transition 
ot  1 '(11,1  The  large  transition  matrix  element  leads 
to  fill  I saturation  at  moderate  laser  intensities,  and 
*K  "^r\\  “<rxi  PI  Spontaneous  emission  from 
seseul  modes  is  readily  obsersable.  providing  a means 
of  observing  stored  vibrational  energy  Laser  pulse  du- 
rations were  typically  2 4 ps.  Pulse  energies  l <0.25  J ) 
were  kept  well  below  the  threshold  for  collisionless 
absorption  [b|.  but  sufficiently  high  to  ensure  com- 
plete saturation  of  the  i3CHjF  Dopplet  profile 

In  the  energy  absorption  experiments  the  laser  beam 
traversed  an  18  cm  CHjF  sample  cell  Incident  and 
transmitted  pulse  energies  were  monitored  with  cali- 
brated Au  Ge  detectors.  Given  the  energy  absorbed 
by  the  sample  and  the  beam  volume,  the  number  of 
COs  quanta  absorbed  per  molecule,  (if’),  can  be  ob- 
tained as  a function  of  the  1 ■’CHjF  pressure. /’(fig  la). 
For  F < 5 torr  ((F)  rose  monotomcally , reaching  a 
maximum  of  2.6  quanta.  At  higher  pressures  it  slowly 
decreased  due  to  incomplete  laser  saturation  over  the 
cell  length  A best  fit  to  e(P),  obtained  from  eqs.  (2), 
gives  a value  of  =08!  0.2  us  1 torr  1 This  re- 
sult agrees  with  tarl  and  Ronn's  value  (7)  of  1 .2  ± 0 J 
us  1 torr  1 , measured  via  laser  fluorescence,  and  con- 
fums  that  eq.  (2)  is  a good  approximation  for  predict- 
ing energy  absorption  in  a poly  atomic. 

If  a rotational  bottleneck  [2,3]  is  present  it  can  be 
eliminated  by  adding  a buffer  gas  which  reduces  rR  . 

In  CFljF,  however,  no  bottleneck  is  present,  as  evi- 
denced by  the  fact  that  the  energy  absorbed  did  not 
change  when  up  to  500  torr  of  argon  was  added  to  a 
fixed  amount  of  CFIjF. 

To  establish  that  for  times  <rVT  t^lc  absorbed  ener- 
gy resides  in  the  vibrational  degrees  of  freedom,  the 
time  evolution  of  the  fluorescence  from  the  9.6  gim 
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I ii>.  I.  ( Oj  quanta  Mured  versus  pressure,  (a)  Total  quanta 
stored.  I he  theorelteal  ttt  gives  7yy  - 0.8  i 0.2  us  * tort  ■ 

(b  e)  Quanta  stored  in  u,(.  The  curves  were  calculated  from 
la  i The  insert  shows  relevant  vibrational  levels. 

C I sttetcli  niiide  (Pj ) w,.s  monitored  by  a Cu  : Ge 
detector.  I n the  pressure  range  of  ihe  experiments  the 
fluorescence  signal  was  always  in  the  form  of  a rapid 
rise,  governed  by  the  duration  of  the  laser  pulse,  fol- 
lowed by  a long  (*  ms)  decay,  determined  by  the  V-T 
relaxation  processes.  The  3.3  pm  C-  II  stretch  (vi , P4) 
and  6.8  pm  bend  (pj.  p5)  fluorescence  bands  exhibited 
the  same  temporal  behavior  as  pv  This  indicates  fast 
intermode  V V tia'tsfer  rates,  and  that  soon  after  the 
laser  pulse  terminates  a vibrational  steady  state  among 
the  modes  is  established. 

Since  the  absorbed  energy  is  distributed  among  all 
the  modes,  n is  important  to  determine  how  much  is 
stored  in  each.  However,  -Dsolute  measurement  ol 
fluorescence  intensities  would  be  difficult  and  impre- 
cise. A new  technique,  wh.ch  utilizes  the  fact  that  a 
steady  state  is  rapidly  esuoiished  among  the  vibra- 
tional modes,  was  employed  to  measure  the  energy 
stored  in  1/3.  In  this  technique  the  peak  fluorescence 
is  first  observed  after  it  passes  through  an  empty  “cold 
g..s  filter”  cell  to  give  / (0 ).  Then,  methyl  fluoride  gas 
al  room  temperature  is  introduced  into  this  cell  to  re- 
move the  o - I •»  0,  g.ving  1(0)  I \q.  This  “cold” 
(room  temperature)  gas  is  an  ideal  filter  for  the  u = 

I -»  0 fluorescence,  since  the  absorption  band  matches 
tile  emission  frequencies  line  for  line,  and  the  small 


anharmonicity  ( 18  cm  1 ) is  sufficient  to  prevent  ab 
sorption  of  P3  fluorescence  from  higher  lying  levels 
Describing  the  vibrational  level  populations  by  a Boltz- 
mann distribution  a!  temperature  T,  (T,  > room  tem- 
peraturel.  and  assuming  harmonic  oscillator  transition 
moment  matrix  elements,  we  obtain 

/|0//(0)  = (1  +e3)  63  = \e\p(tiu }/kT))  1)  *. 

(3) 

where  co3  is  the  P3  frequency.  The  measured  ratio 
/|0//(0)  determines  63,  the  number  of  quanta  stored 
in  vy. 

In  practice,  care  must  be  taken  in  obtaining  the 
ratio  /|0//(0).  The  0 = 1 -*  0 emission  occurs  over  the 
entire  rotational  manifold.  The  intense  emission  lines 
are  absorbed  strongly,  conversely,  the  weak  emission 
lines  are  absorbed  weakly.  As  a result  the  curve  of 
transmitted  intensity  !(Pt)  versus  cold  gas  filter  pres- 
sure, P'  has  a long  tail  rather  than  a sharp  cut-off.  One 
finds 

HP')II(O)  = 1 + [/,0//(0)l  [x(P')  - 1 ] . (4a) 

where  x(P)  is  a function  of  the  symmetric  top  matrix 
elements  and  absorption  coefficients.  For  a cold  gas 
filter  cell  of  length  /.  containing  Doppler-broadened 
CH3F,  xC^’)  is  closely  approximated  by 

X< P")  = 0.567  e-°-614/,'/  + 0.331  e -°145/>7- 

+ 0.102  e-°019/’7-  . (4b) 

Fig.  2 shows  the  transmitted  fluorescence  intensity  as 
a function  of  cold  gas  filter  pressure  for  several  values 
of  sample  cell  pressure.  In  each  case  the  solid  line  gives 
a best  fit  to  the  theoretical  expression  for  /(/>')//(0) 
|eq.  (41),  from  which  63  is  obtained  [eq.  (3)].  Note 
that  with  increasing  sample  cell  pressure,  P,  l(P ')  falls 
off  more  slowly,  indicating  increased  population  of 
the  upper  vibrational  states  and  thus  higher  T 3. 

The  observed  values  of  ej  al  various  pressures  are 
given  in  fig.  lb.  Note  that  40-50%  of  the  total  energy 
(fig.  la)  resides  rn  IZ3.  Since  rVT  is  long  the  remaining 
energy  must  be  shared  among  other  modes. 

In  order  to  ietermine  more  precisely  the  partition- 
ing of  energy,  the  vibrational  energies  en  of  the  p2,s 

’ Pressures  ol  both  sample  and  cold  gas  filter  cells  were  kepi 
below  10  tort  to  avoid  overlap  of  lines  due  to  excessive  pres- 
sure broadening. 
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and  p.  4 modes  were  also  measured.  (cft  was  too  weak 
to  measure.)  This  was  done  by  taking  ratios  of  the  cor- 
responding  fluorescence  intensities  to  that  of  p^.  Know 
ing  the  ratios  of  the  mode  frequencies  and  transition 
moments,  and  the  detector  efficiency,  e((  could  then 
be  obtained  in  terms  of  e3  (fig.  1 ).  Cold  gas  filter  ex- 
periments performed  on  the  pj  4 fluorescence,  which 
are  less  accurate  because  of  its  weak  transition  moment 
establish  a firm  upper  bound  for  t|  4 which  agrees  with 

fig  I- 

The  steady  state  partitioning  of  energy  among  the 
modes  may  be  determined  from  a knowledge  of  the 
path  by  which  energy  is  transferred  among  the  modes. 
The  temperature  of  two  m-  Jes,  energies  Aa  and  in 
vibrational  equilibrium  are  ; elated  by  (8] 

> 'a  /-.b/7b  =(/■-<  *bV7\  (5) 

with  / the  kinetic  temperature.  Therefore,  by  assuming 
a dominant  energy  flow  p-th,  eq.  (5)  can  be  successive- 
ly applied  to  each  pair  of  odes  collisionally  coupled 
m the  energy  flow  process  The  smooth  curves  of  figs, 
lb  lc  were  obtained  from  eq.  (5)  using  the  theoretical 


curie  of  tig  la  and  the  energy  flow  path  of  ref  [9], 
The  agreement  with  the  experimental  points  is  indica- 
tive of  the  accuracy  of  our  absolute  measurements  of 
vibrational  temperatures,  and  supports  the  energy  flow 
assignments  [9],  No  other  path  assignments  led  to  good 
agreement  with  the  data. 

In  conclusion,  this  is  the  first  time  that  the  energy- 
storage  and  partitioning  of  a highly  excited  polyatom- 
ic have  heen  measured.  The  confirmation  of  the  sim- 
ple picdiction  of  laser  induced  vibrational  heating  [eq 
( 2 ) | and  subsequent  vibrational  energy  redistribution 
shows  that  these  relationships  can  be  applied  with  con- 
fidence in  other  molecules  Finally,  a comparison  of 
the  present  results  with  weak  excitation  experiments 
[9]  strongly  suggests  that  the  dominant  path  for  vibra- 
tional energy  redistribution  does  not  change  in  CH3 F 
for  vibrational  excitation  up  to  ^7  kcal/mole. 

The  authors  wish  to  thank  Rick  Forber,  Vladik 
Letokhov,  Bill  Ryan,  Howard  Schlossberg  and  Rarnesh 
Sharma  for  useful  discussions  and  Alt  Javan  for  his 
support  and  encouragement. 
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Infrarea  dioCe  work  began  some  ten  years  ago 
with  point  contact  MOM  junctions.  These  w re  used 
as  nar;. ionic  generators  and  mixers,  often  o fairly 
high  order.  They  haze  even  been  used  in  stabilized 
nmnomc  generator  chains  through  2 urn.  'uch  de- 
vices can  form  the  basis  of  active  far  infrared  (FIR) 
elements  and  circuits  for  reradiation  of  laser  side- 
bands, signal  processing  in  this  region  of  the  spec- 
trum and  studying  extremely  short  pulse  phenomena. 
Recently  work  nas  teen  done  on  MOM  devices  evapo- 
rated through  masks  or  photol i thographical 1 y de- 
fined. I will  snow  you  why  small  area  devices  are 
essential  to  extending  the  operating  frequency  and 
hew  such  devices  can  perform  active  circuit  functions 
in  the  FIR  and  perhaps  someday  on  into  the  visible; 
already  MOM  diodes  are  responding  non- 1 henna  1 ly  to 
visible  radiation.  A study  we  are  just  completing 
shows  that  a point  contact  MOM  behaves  according  to 
classical  antenna  theory  in  the  FIR.  Some  of  our 
latest  work  is  described  on  printing  MOM  circuits 
for  a real  time  hoographic  array. 

The  MOM  devices  operate  by  nonl inearitieu  in 
their  conductance,  which  must  be  the  order  of  the 
signal  source  (the  antenna  at  about  lOOiT).  This 
junction  is  then  shunted  by  its  own  capacitance 
wnich  restricts  its  high  frequency  operation.  Junc- 
tion conductance  decreases  exponential ly  with 
tmekness  while  capacitance  goes  as  the  reciprocal; 
hence  the  thinnest  junction  must  have  the  most 
favorable  conductance  capacitance  ratio.  A junc-,, 
tion  with  barrier  thickness  about  the  typical  TO  A 
would  have  resistance  of  10z  fi/A  (A  in  um^)  re- 
quiring about  1 unz  to  match  the  typical  antenna 
resistance.  Orders  of  magnitude  change  in  the  area 
can  be  compensated  for  by  small  changes  in  barrier 
thickness  to  maintain  junction  impedance  comparable 
to  the  antenna  resistance  (1000)  while  adjusting 
the  capacitance.  The  response  time  would  then  be 
given  by  RC  * 10**z  A.  (A  in  pmz) 

We  have  considered  several  FIR  functional  cir- 
cuits; these  have  not  yet  been  built.  However, 
fabrication  would  require  two  successive  photo- 
i i thographical ly  defined  metal izations  , the  first 
capable  of  forming  and  supporting  a stable  barrier 
layer  about  10  A thick  and  the  second  of  adhering 
to  the  substrate  and  making  good  contact  tn  the 
barrier  layer.  One  circuit  usable  as  a parametric 
subnanr.onic  generator  might  consist  of  a circle 
hilf  made  of  each  metal,  overlapping  at  one  inter- 
section to  form  a small  area  MOM  diode  and  at  the 
other  a large  area  ohmic  contact.  Inhered  induc- 
tance and  capacitance  of  this  circuit  and  junction 
can  make  it  resonant  in  the  FIR.  With  app  opriate 
input  driving  signal  and  bias  leads  and  a realizable 
junction  nonlinear  ty,  a Q of  5 would  be  adequate 
to  cause  oscillation  at  half  the  signal  frequency. 

Some  particularly  interesting  work  has  been 
with  high  speed  deposited  negative  resistance  junc- 
tions formed  by  evaporating  a narrow  lead  stripe  on 
tin  with  a thin  surface  oxidation.  This  junction 
is  cooled  to  about  2° K where  both  metals  are  super- 
conducting and  irradiated  with  a focused  argon  laser 


beam;  definite  non-thermal  response  was  observed. 
Responses  of  lead  on  aluminum  junctions  were  obser- 
ved, again  at  2*K  (aluminum  above  its  superconducting 
transition).  The  response  to  X-band  and  5 1 4S  A argon 
laser  radiation  was  very  similar  showing  peaks  in 
exactly  the  same  locations.  The  principal  structural 
response  occurs  at  dc  bias  voltage  less  than  20  mv 
and  is  due  to  the  superconducting  transition  and 
photon  scattering  in  the  lead  film. 

2 

A theoretical  analysis  of  the  MOM  antenna/diode 
as  a detector  of  microwave  and  infrared  radiation 
is  being  conducted  and  FIR  experiments  evaluated  to 
examine  the  consistency  of  the  theory.  The  antenna 
is  coupled  directly  into  the  diode.  An  equivalent 
circuit  is  used  to  represent  the  system  of  the  an- 
tenna and  its  coupling  to  the  diode.  A Stratton^ 
tunneling  model  represents  the  nonlinear  character 
of  the  junction.  Detector  performance  is  shown  to 
obey  experimenta 1 ly  verified  laws  and  determine  an 
optimum  junction  thickness  and  area  for  each  fre- 
quency. It  is  shown  that  the  detectivity  at  room 
temperature  can  be  as  high  as  10*®  watts**  Hz  **  at 
frequencies  of  10*4  Hz  in  the  infrared.  Experimental 
results  show  that  for  small  focusing  angles,  8-  * D/f 
(where  f = 12.7  cm  in  this  case),  the  efficiency 
is  proportional  to  6-z  (see  Fig.  1)  consistent  with 
the  concept  of  effective  aperture.  The  proportion- 
ality constant  (at  337  urn  wavelength)  agrees  within 
a factor  of  two  with  that  expected  from  our  theory; 
this  discrepancy  may  be  caused  by  uncertainty  in  the 
calorimetric  laser  power  measurement.  As  the  focus- 
ing angle  is  increased  to  the  width  of  the  major 
radiation  lobe,  the  coupling  efficiency  saturates 
to  about  3»,  in  agreement  again  with  the  theory. 
Different  antenna  lengths  give  proportionally  differ- 
ent coupling  efficiencies  for  small  focusing  angles 
and  the  same  saturated  value  for  larger  angles. 

To  confirm  that  the  FIR  detection  arises  from 
the  same  mechanism  as  that  for  rf  detection  (i.e. 
rectification),  we  checked,  using  a balancing  tech- 
nique, that  the  same  detected  voltage  cones  from 
an  rf  signal  as  from  a preadjusted  ir  signal,  as 
the  bias  is  increased  up  to  about  ICO  mV. 

This  balancing  technique  has  been  applied  to 
the  study  of  the  type  of  printed  diodes  integrated 
to  an  antenna  described  in  Ref.  4.  Preliminary 
results  show  that  sons  structures  have  coupling 
efficiencies  as  high  as  2 or  3S,  comparable  to  that 
of  the  mechanical  point  contact  diode.  This  tech- 
nique is  applicable  regardless  of  the  nature  of  the 
rectification  mechanism  as  long  as  it  is  the  same 
at  rf  and  ir  frequencies.  For  example,  we  ha.ve  also 
fabricated  antenna  structures  where  the  detecting 
element  is  an  evaporated  micron-sized,  thin-film 
wire  without  a junction.  A weak  bolometric  response, 
with  the  same  bias  dependence,  was  observed  at  both 
frequencies  and  the  best  coupling  efficiency  was 
was  found  to  be  around  IS. 

We  have  studied  the  behavior  of  the  point  con- 
tact diode  nonlinearities  by  observing  the  bias 
dependence  of  the  rectified  signal  when  a known 
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resistance) . 


amount  of  rf  power  is  coupled  to  tee  diode.  These 
result'.,  c.m  he  compared  with  the  predication  of  the 
tunneling  model.  Values  for  the  barrier  par.  leters 
are  found  to  be  reasonable. 


The  diode's  I-V  characteristic  up  to  thi  third 
order  can  be  expressed  as: 

I 2 ^ (V  + mv?  + nV3) 

Then  the  rectified  voltage,  V.,  when  an  rf  voltage 
Vn  cos.t  is  coupled  to  these  diode  nonl  i near  it  ies  is 
given  by 

V ? 

Vr  - (rn  1 3n  Vb)  — 


The  experimental  dependence  of  V on  V showr.  in 
fig.  2,  can  be  approx  mated  by  a straight  lit  in  the 
low  bias  region.  We  can  then  obtain  for  the  K-ohm 
diode,  m - .10  V'  and  n = 1.8  V . 


These  values  for  m and  n,  which  are  independent 
of  the  contact  area,  are  in  general  agreement  with 
those  obtained  from  the  model  assuming  reason. ble 
values  for  the  barrier  parameters.  From  the  tunnel- 
ing model,  we  can  express  the  average  potential, 
to  , and  thickness  of  barrier,  L,  as: 


♦ 

o 


1 

4 /6rT 


In 


324  «Da 
4 /OrT 


4 / 6nitp 
* 1.025 


By  estimating  the  value  of  contact  area  as 
a - .1  pm?,  we  can  then  obtain  4.  - .65  ev  and 
l 2 10.3  A which  are  quite  reasonable  and  change 
only  logarithmically  with  the  estimated  area. 
Furthermore,  the  value  of  the  asymmetry  factor, a , 
according  to  the  theory  is  given  by 

;i  2 m /6/n 

which,  in  the  case  of  Fig.  2,  is  equal  to  0.23 
and  does  not  depend  on  the  estimated  area. 

As  the  resistance  of  the  diode  is  lowered  by 
adjusting  the  pressure  of  contact,  the  value  for 
n decreased  rnonotonic  al  ly . For  example;  if 

2 50  ohms  we  get  n 2 1.39  so  that  4Q  2 0.4j  eV 

and  L 2 7.3  A . At  these  low  values  of  L and  t , 
the  W.K.R.  approximation  used  in  calculating  tne 
tunneling  probability  begins  to  lose  its  applica- 
bility. 

We  have  shown  that  in  agreement  with  the  theory, 
the  zero  vias  respons  vity,  3-(2m),  remains  nc  irly 
constant  as  the  resistance  is  varied  over  two  orders 
of  magnitude,  by  studying  the  laser  rectification 
as  the  resistance  of  the  diode,  Rq,  "relaxes"  con- 
tinuously and  slowly  (presumably  keeping  the  same 
asyiiinetry  factoro)  from  10  to  few  thousand  oliis, 
we  were  able  to  f 1 , :tie  result  to  the  expression: 


with  two  adjustable  parameters,  VQ  and  R^  (antenna 
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A 2x2  array  of  antenna/diodes  has  been  fab- 
ricated for  ultimate  use  as  a real  tine  holographic 
imaging  array.  This  is  now  being  evaluated  as  indi- 
vidual infrared  rectifier/mixers.  In  operation, 
two  infrared  beams  differing  by  a microwave  fre- 
quency will  irradiate  the  array.  From  the  amplified 
difference  frequency  we  can  obtain  relative  phase 
information  of  the  two  signals.  This  provides  the 
information  required  to  define  and  construct  a real 
time  hologram. 
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Figure  1.  The  antenna/diode  efficiency  is  plotted 
as  a function  of  iris  diameter,  0.  It  should  be 
noted  that  saturation  at  high  values  of  D comes 
from  a combination  of  approaching  the  beam  diameter 
and  exceeding  the  width  of  the  first  lobe.  The 
proportionality  constant,  .0035,  is  within  a 
factor  of  two  of  the  theoretical  value. 

VflmV) 


Figure  2.  The  experimental  dependence  of  V on 
Vb  is  presented.  Diode  resistance  was  measured 
as  2 KOand  values  of  m 2 .16  V"1  and  n 2 1.81  V*2 
were  calculated  from  this  plot. 
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ABSTRACT 

A theoretical  analysis  of  the  metal-oxide-metal  (MOM) antenna/ 
diode  as  detector  of  microwave  and  infrared  radiation  is  pre- 
sented with  experimental  verification  conducted  in  the  far 
infrared.  It  is  shown  that  the  detectivity  at  room  temperature 
can  be  as  high  as  10^  watts  ^ Hz^^  at  frequencies  of  10^  Hz 
in  the  infrared.  As  a result,  design  guidelines  are  obtained 
for  the  lithographic  fabrication  of  thin  film  MOM  structures 
that  are  to  operate  in  the  10  micron  region  of  the  infrared 
spectrum. 

* This  work  has  been  supported  by  the  Air  Force  ARPA  and, 
in  part,  by  NASA  and  Army  Research  Office. 


I.  INTRODUCTION 


The  metal-oxide-metal  diode  has  been  used  extensively  over  the  past 

M-4) 

decade  for  frequency  measurements  in  the  infrared.'  In  fact,  frequencies 

(5) 

up  to  the  2.0  micron  region  have  been  measured.  ' Electron  tunneling 
across  an  oxide  layer  separating  the  sharply  tipped  tungsten  wire  from 
the  metal (typical ly  nickel)  post,  has  been  recognized  as  the  dominant 
(nonlinear)  conduction  mechanism  in  the  dc  regime.  Previously  it  has 
been  shown  that  the  conduction  mechanism  at  low  frequencies  is  also 
responsible  for  rectification  in  the  10  micron  region. ^ Radiation  is 
coupled  from  an  electromagnetic  wave  to  the  nonlinear  junction  by  means 
of  an  antenna  that  in  the  case  of  the  point  contact  diode  is  the  tungsten 
wire.'  ’ 'Several  theoretical  analyses  of  the  metal -oxide-metal  point 


contact  detector  have  dealt  either  with  the  nonl inearities  of  the  junc- 
tion O ' 1 ° ' ^oi-  with  the  antenna  characteristics/12^  These  theoretical 


results  are  consequently  not  easy  to  compare  with  the  measured  values  of 

detector  characteristics  such  as  responsivity  and  noise  equivalent  power. 

For  instance,  in  the  analysis  followed  by  Green  ^and  Kwok^10^the 

junction's  nonl inearities  are  thoroughly  discussed  but  the  problem  of 

matching  the  junction  to  the  antenna  is  ignored.  Other  analyses  based 

(12) 

only  on  the  antenna  model'  ' predict  a frequency  dependence  of  the  diode 

(13) 

responsivity  that  is  not  in  good  agreement  with  experimental  observations.' 
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In  the  present  paper  a model  is  chosen  for  the  antenna  (Section  II) 

where  the  load  contains  a capacitive  component  due  to  the  small  contact 

area.  Electron  tunneling  theory  is  briefly  reviewed  in  Section  III  to 

obtain  expressions  for  the  responsivity  in  the  case  of  a trapezoidal 

tunneling  barrier.  The  results  from  these  two  section  are  combined  in 

Sections  IV  and  V to  yield  actual  numerical  results  for  optimum  expected 

_2 

power  conversion  efficiency  (~10  ) and  detector  NEP  at  room  temperature 

MO'10  W.Hz'1^).  Further,  it  is  seen  that  the  quantum  efficiency  factor 
can  be  as  high  as  10  in  the  10^  region. 

Section  VI  contains  the  results  of  computer  calculations  that  support 
the  validity  of  the  simplified  analytical  results  of  the  previous  two 
sections. 


II.  ANTENNA  MODEL 


The  antenna,  as  a receiver,  is  represented  by  an  ac  voltage  source 
vcoswt  with  an  internal  real  impedance  R^ 

The  non-linear  resistance,  Rp,  in  parallel  with  the  junction  capacitance 
represents  the  diode  whose  series  resistance  is  assumed  negligible 
comparet  to  both  R^  and  R^.  The  effective  voltage  (see  Fig.  1)  developed 
across  the  diode  is 

ZD  _ . RD  

V°  V RA  + ZD  " V RA  + RD  + JuRARDC 

where  is  the  parallel  combination  of  R^  with  Xc.  The  junction 

capacitance,  C =€e€-p-  is  due  to  the  finite  contact  area,  a,  and  dielectric 

thickness,  L. 


nu a _ 


Introducing  the  "reduced  frequency,"  q = u>CR^,  the  "reduced  diode 

V2” 

resistance,"  x = RD/RA  and  the  "incident  power"  P =g-^-  , then 

A 

VD  ” v 1 + (1  +"'jqlx~ 

The  power  dissipated  in  Rf  (effectively  the  receiver  load  ) is 


4P 


2Rr 


T + 2x  + (1  +q^7  1 


[1] 


It  is  of  interest  to  find  the  value  of  the  diode  resistance  that 

i p 

maximizes  P , the  power  coupled  to  the  load.  The  condition  r = 0 leads  to 


i 


1 


6 x 


1 + q2 


, and  then 


1 


P (xj  = 2P  - ( 

r m 1 + Jl+q^ 


At  high  frequency  (q>>l),  there  is  a roll  off  where  Pr(xm)^q 

In  the  low  frequency  regime  (q«l),  the  maximum  value  of  Pp  occurs 
for  = Ra * ( x = 1 ) and  is 

Pr  (max)  = P 
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We  then  say  that  the  antenna  is  matched  to  the  load.  This  optimum  received 
power,  P,  is  related  to  the  Poynting  Vector,  $,  of  the  incident  field. 

p = |S| 

This  relationship  defines  the  effective  aperture  of  the  antenna^-4  ^ 
Calculation  of  the  aperture  and  antenna  impedance  for  different  antenna  geo- 
metries is  a subject  that  belongs  to  antenna  theory.  For  certain  simple 
geometries  (e.g.  dipole),  the  maximum  effective  aperture  is  about  O.U  ^ . 
(See  Section  VII  a).  In  what  follows, 

and  for  reasons  that  will  become  evident  later,  we  will  want  to  study  the 
effect  on  the  diode  as  the  radiation  frequency  is  changed.  In  order  to 
still  couple  the  same  power  P,  we  will  require  that:  a)  the  linear  dimen- 
sions of  the  antenna  be  scaled  with  the  wavelength  (that  means  same  R^, 
same  ;b)  the  power  incident  in  ^2(=Al|S|)  also  be  kept  constant.  In 
the  case  of  two  lasers  of  equal  power  and  different  frequencies  this  implies 
that  their  beams  are  focused  with  the  same  f number. 

III.  DIODE  MODEL 

Electrical  conduction  between  the  two  metallic  electrodes  forming  the 
MOM  diode  is  due  to  electron  tunneling  through  a potential  barrier  formed 

o 

by  a metal  oxide  layer  on  the  order  of  10  A or  less.  This  mechanism 
produces  the  non-linearities  in  the  I-V  characteristic.  In  order  to 
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calculate  the  I-V  characteristic,  we  choose  a model  consisting  of  a trape- 
zoidal potential  barrier  with  thickness  L and  heights  <py  and  <f>L  on  each 

(1 5 ) 

side.  The  WKB  approximation  is  used  to  calculate  the  tunneling 
probability  for  an  electron  that  has  a certain  energy  associated  with  its 
motion  normal  to  the  barrier. 

The  total  current  density  for  an  applied  voltage  V is  obtained  by 
integrating  the  contributions  of  electrons  with  all  possible  energies. 

This  can  be  done  with  the  help  of  a computer.  However,  some  analytical 

(15  ) 

approximations  allow  us  to  obtain  a closed  form  expression  for  the  I-V 

3 

characteristic.  A series  expansion  up  to  V leads  to 


I = (V  + mV2  + nV3) 
kD 

<J^.  +■  M 

Introducing  the  average  barrier  height  $„=  — ^ » the  asymmetry 

J _ wt  

factor  a = and  the  dimensionless  parameter  S = 1 .025  L V0O,  where 

L is  given  in  angstroms  and  <f>9  in  electron  volts,  the  theorv  (see  Aooendix  A) 
gives  the  following  results 


R 


D 


m 


of  S 

24^7 


n 


1 

6 


(a  = junction  area)  [2] 

and  [3] 

[4] 
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If  a voltage  of  implitude  cos <ot  is  applied  to  the  diode 

simultaneously  with  a bias  voltage  Vfa,  there  will  be  a rectified  current 
whose  value  is 


1 VI 


2 2 
vQ  cos  ^t 


(m  + 3nV.) 


b'  2Rr 


(m  + 3nVb)  Pr 


The  current  responsivity  is  defined  as  = p-  . In  what  foil 


ows 


we  will  consider  only  the  case  of  the  unbiased  diode  so  that  |3^ 


m. 


IV.  RECTIFICATION  AND  POWER  CONVERSION 


a)  Recti fication 

The  rectified  voltage  appearing  on  the  diode  (with  given  parameters 
tf,  a)  is 


where  Pr  is  the  power  delivered  by  the  antenna  to  the  diode  (load) 
Therefore 


1 + 2x  + (1  +q2)  x2 


[5] 


It  should  be  noted  that  both  3 and  q are  relatively 
insensitive  functions  af  the  barrier  thickness,  L,  while  x 
has  an  exponential  dependence.  With  that  in  mind  we  can 
see  from  Eq.  (5)  that  vr  is  a monotonicallv  increas- 

ing function  of  x.  The  limiting  value  is 

vr(x=®)  = vQ  — -i j where  v = 43-R.P  [6] 

1 * q 

Fig.  2 displays  the  rc-ctified  voltage  given  by  Eq.  (5)  as  a 
function  of  the  reduced  resistance  x and  for  various  values 
of  the  reduced  freauency  q. 

From  Eq. (6)  we  can  get  some  numerical  results  for  a 

O 

practical  case.  Consider  a barrier  with  L = 10  A,  = lev, 
a = 0.2  so  that  S % 10  and  6^  = m = 1/12  amp/watt.  If 
R = 100H  and  q <<  1 (frequency  below  the  roll  off)  we  ob- 

A 

tain  for  an  incident  power  P = lmW  that  the  maximum  recti- 
fied voltage  is  about  v = 30  mV. 

o 

b)  Power  Converrion 

An  incident  power  P generates  a rectified  voltage  v , 
according  to  Eq.  (5).  The  rectified  power  PDC  associated  w’ith 
vf  is  given  by 

2 

pDC  = = M^P)2  Ra  F (x,q)  [7] 

x3 

where  F(x,q)  = = [8] 

11  + 2x  + (1  + q ) x ] 
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The  maximum  value  of  P 


occurs  at 


DC 


x 


o 


1 


1 


♦ c2 


[9] 


so  that  the  optimum  conversion  efficiency 


n 


e 


is : 


r 

e 


( 4 2 i ) 2P  Ra  F(xo,q) 


[10] 


where  F(xQ,q) 


fl 

(1  + q2) 


+ A + 3a2  ] 3 
[q2  + U + /4  + 3q^)ZJi 


[11] 


In  Fig.  3 the  dependence  on  the  reduced  frequency, 
q,  of  the  optimum  reduced  diode  resistance,  x , and  of  the 
function  F(xQ,q)  are  displayed.  For  the  typical  value  of 
6^  = 1/12  amp/watt  used  in  the  previous  section  ne/P  is 
also  displayed  as  a function  of  q in  Fig.  3.  It  should  be 
noted  that  for  frequencies  below  roll  off  ng/P  % 1 watt-1. 

The  maximum  power  P that  can  be  used  in  Eq.  ("10) 
is  determined  by  the  burn  out  level  of  the  diode.  Voltages 
across  the  diode  on  the  order  of  0.3  volts  can  already  burn 
the  junction  (the  electric  field  in  the  oxide  would  be  on 
the  order  of  3 x 10^  volts/cm).  This  would  result  from  a 
maximum  incident  power,  P,  of  about  10  mwatts  and,  therefore, 
for  q ^ 1 we  would  obtain  a conversion  efficiency  of  1%. 
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It  should  be  remembered,  however,  that  when  the  diode  is 
driven  with  such  high  power  levels,  the  rectified  current 
depends  quite  strongly  on  higher  order  derivatives  of  the 
I-V  characteristic.  The  simple  model  used  to  calculate 
the  nonlinear  I-V  characteristic  cannot  predict  the  correct 
behavior  cf  the  fourth  order  derivative.  Available  experi- 
mental data  on  MOM  diodes,  however,  show  that  the  fourth 
derivative  contribution  is  already  important  at  V = 0.1  volt 

At  frequencies  lying  in  the  roll  off  (q  >>  1)  the 
conversion  efficiencv  goes  as  q ^ (see  Fig.  3 ).  It  is* 
therefore,  evident  that  in  order  to  have  good  conversion 
efficiency  in  the  infrared  v/e  should  reduce  the  junction 
area  to  minimize  C and  have  q = uRC  < 1 at  the  frequency 
of  interest.  In  what  follows  we  will  estimate  the  junc- 
tion area  a,  and  barrier  thickness,  L,  to  achieve  that  con- 
dition at  a given  freauency. 

At  the  corner  frequency  (q  = 1)  and  for  optimum  con- 

Rp 

version  we  have  from  Eq.  (9)  that  x = =—  = 1.82.  This 

o i<A 

together  with  Eq.  (2)  gives  a condition  relating  the  area, 
and  the  barrier  parameter  S, 


1.82  R. 
A 


1 

324 


[12] 


.nvolvina  S and  a is  obtained  from  the 


requirement  q = 1,  so  that  2rf„R  C = 1 where  the  junction 
capacitance,  C,  is  given  in  farads  by 


C = c0*  jr  = . 835  x IQ-13  c - 


[13] 


2 ° 

with  a in  (urn)  and  L in  A.  This  second  relation  can  there- 
fore be  expressed  as 


a 


.177 


L_  10 

\ e 


From  Eqs . (12)  and  (14)  we  have  that 


[14] 


13 

e°  = 103  /r±2- 

o€^ 


L = 


1. 025/ $0 


In  (103  /f 


10 


13 


oef. 


[15] 


[16] 


The  results  given  by  Eqs.  (14)  and  (16)  are  displayed  in 
Fig.  4 for  the  typical  case  of  <pa  = 1 and  = 100. 

It  should  be  noticed  that  the  values  for  L in  Fig.  4 
do  not  depend  on  the  antenna  resistance  (see  Eq.  (16)  ) 

while  those  for  contact  area,  a,  are  inversely  proportional 
to  Ra  (Eq.  (14) ) . 

Also,  since  the  value  of  L changes  by  not  more  than 

otS 

a factor  of  5,  so  does  the  current  responsivity  = Yi'$~  ‘ 
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The  above  guidelines  are  important  to  consider  in  the 

design  of  high  SDeed  MOM  junction  structures  in  which, 

using  piiG  ^lithographic  technicrues,  an  antenna  is  printed  ^ 

and  integrated  with  the  small  area  junction. 

As  the  corner  frequency  of  the  diode  goes  up  to  ' 

14 

f = 10  Hz  we  see  that  the  required  L and  a decrease. 

The  decrease  in  a,  although  a difficult  technical  problem 
with  the  present  photolithographic  techniques  could  be 
achieved  with  some  further  sophistication  (e.g.  electron 
beam  lithography) . It  should  be  mentioned  that  areas  on 
the  order  of  .0004  pm  can  be  obtained  in  a mechanical 

O 

point  contact  diode.  The  reduction  in  L down  to  2.27A, 
on  the  other  hand,  brings  into  question  the  validity  of  the 
WKB  approximation  used  in  calculating  the  electron  tunneling. 
The  condition  for  its  validity  is  that  this  probability 

-s 

(^e  ) is  small  compared  to  unity.  Substituting  this  condition 

into  Eq.  (15)  requires: 

fc  <<  103  VT01C13  * 1015 

We  will  not  attemot  at  this  point  to  make  any  quantita- 
tive estimates  on  the  modifications  to  the  model  due  to  the 
breakdown  of  the  WKB  approximation  in  the  optical  and  near 
infrared  region.  In  addition,  in  this  frequency  region, 
photon  energy  is  comparable  to  the  barrier  height  (^lev)  and 

other  interesting  effects  may  set  in  and  dominate  the  rectifi- 

. 24 

cation  process. 
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V. 


DETECTOR  PERFORMANCE 


Let  us  consider  thermal  noise  to  be  the  dominant  one. 

Then 

v»  = i'l  KT  R0  = nUktR^AV  sC? 

Using  the  rectified  voltage  given  by  Eq.  (7)  we  obtain  the 
signal  to  noise  ratio  where  F(x)  is  given  by  Eq.  (8)  . 

— = ^ fcL==i=-  F (*)  1171 

av 


The  noise  equivalent  power  (NEP)  is  the  value  of  the 
power  P that  gives  a unity  signal  to  noise  ratio  for  a band- 
width of  Av  = 1Hz . The  inverse  of  the  NEP  is  known  as  the 
detectivity,  D,  and  therefore,  is  given  by 


DW  = 


>Pa*T 


tr  \ 

F (x) 


U8] 


With  the  same  considerations  that  we  used  previously  we  can 
obtain^by  optimizing  F (x)^  the  barrier  thickness  that  for  a 
given  junction  area  yields  the  optimum  detectivity. 

Replacing  F (xq)  as  given  by  Eq.  (11),  we  obtain: 


p = D (x.)  = F **•)  I19J 

V A *T 
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Using  = 1/12,  = 100  ohr»&  and  T = 300°K  we  obtain 

i o ..  Vz 

D : Z- 6 x.  \0  i-  Of,) 

The  dependence  of  D on  the  frequency  is  given  in  Fig.  3. 

It  is  of  interest  to  compare  the  detector  responsivity 
of  the  MOM  diode  with  those  of  existing  infrared  quantum-type 
detectors.  The  detection  mechanism  in  the  MOM  diode  arises 
from  rectification  of  ac  currents  induced  across  the  junction 
at  infrared  frequencies.  The  mechanism  in  the  second  type  of 
detectors  arises  from  generation  of  free  carriers  due  to  ab- 
sorption of  infrared  photons.  For  this  type  of  detectors 
the  current  responsivity,  6'^,  and  the  quantum  efficiency,  n , 
are  related  by 


For  comparison  purposes  let  us  estimate  the  quantum  effi- 
ciency, n , of  an  MOM  diode  operating,  below  roll  off,  in  the 
10  microns  region.  The  energy  hv  of  a photon  at  this  wavelength 

is  about  .1  ev  and  taking  the  typical  responsivity  6^  .1  amp/watt, 

_ o 

we  get  that:  ^ 10  . In  the  average,  there  is  a transfer 

of  one  electron  across  the  barrier  for  an  energy  coupled  to 
the  diode  corresponding  to  100  infrared  photons.  As  the  fre- 
quency increases,  so  docs  the  quantum  efficiency,  but  remains 
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below  unity  everywhere  in  the  infrared.  It  is  this  fact  that 
provides  the  theoretical  justification  for  using  the  low  fre- 
quency I-V  characteristic  in  order  to  estimate  the  rectifica- 

(18) 

tion  at  infrared  frequencies. 


Page  14 


VI . 


COMPUTER  CALCULATIONS 


In  order  to  get  the  results  of  the  previous  sections, 

approximations  were  necessary.  In  Eq.  (5),  (7),  and  (18), 

the  values  for  vr  , PD(^  and  D(x)  were  optimized  by  varying 

the  barrier  thickness.  In  one  instance  the  maximum  of  the 

rectified  power  ?DC  is  obtained  by  maximizing  F (x)  in  Eq.  (8). 

In  this  approximation  the  fact  that  fb  has  a linear  dependence 

g 

on  S was  ignored  because  x 'u  RQ  'u  e has  an  exponential 
dependence.  More  exact  computer  calculations  have  been  car- 
ried out  to  check  the  validity  of  these  approximations.  The 
results  will  be  compared  with  those  of  Fig.  3. 

Figure  5 shows  the  calculated  detectivities  at  dif- 
ferent frequencies  as  the  barrier  thickness  is  changed.  For 

2 

this  calculation  it  was  assumed  R.  = 100  ohm,  and  a = lym  . 

A 

Eq.  (18)  was  used  where  F(x)  is  taken  from  Eq.  (8)  and  for  2^ 
we  take  the  value  of  m given  by  Eq.  (3).  The  important  result 
in  Figure  5 is  that  for  each  frequency  there  is  a value  of  the 
barrier  thickness  that  ontimizes  the  NEP.  For  a given  contact 
area  we  have  that  to  each  frequency  corresponds  an  optimum  NEP 
leading  to  the  results  of  Figure  6.  These  results  are  very 
much  in  agreement  with  those  in  Fig.  3,  obtained  analytically, 
where  D(xq)  is  plotted  as  a function  of  the  frequency  q. 

In  comparing  Figure  3 with  Figure  6,  we  would  like  to 
comment  on  two  points.  In  the  low  frequency  region  (q  <<  1) 
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Figure  6 predicts  detectivities  ranging  from  10^  to 
10  -1  1/2 

1.2  x 10  Watts  x Hz  , depending  on  contact  area,  while 
Figure  3 predicts  .85  x 10^  independently  of  the  contact 
area.  This  is  so  because  the  small  dependence  of  B^  on  bar- 
rier parameters  was  not  taken  care  of  in  calculations  leading 
to  Figure  3.  The  second  remark  is  about  the  roll  off  region 

(q  >>  1).  Figure  3 predicts  a dependence  D ^ w ^ ^ while 

— 1 78 

more  exact  calculations  predict  D u * . Considering 

the  type  of  approximations  involved  the  agreement  is  satis- 
factory. 
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VII.  EXPERIMENTS  AND  TEST  OF  THE  THEORY 


a ) Experiments  in  support  of  antenna  theory 

We  have  measured  the  efficiency  in  coupling  the  radiation  from 
a focused  HCN  laser  bean  ( \=  377  urn,  = 5 mw)  into  the  antenna/ 
diode  and  studied  tne  dependence  of  this  efficiency  on  the  diode 
resistance  and  focusing  angle  of  the  laser  beam.  A balancing 
technique  is  used  for  measuring  the  FIR  coupled  power  (Fig.  7).  The 
focused  oeam  and  an  adjustable  amount  of  rf  (at  400  KHz)  are  coupled 
alternately  to  the  diode  at  a rate  of  80  Hz  so  that  a null  signal  is 
obtained  when  the  rectified  signal  due  to  the  FIR  laser  rectification 
equals  tnat  due  to  the  rf. 

The,  otherwise  unknown,  AC  voltage  at  FIR  frequency  induced  on 
the  junction  equals  that  of  the  balancing  r f voltage,  easily  measur- 
able on  an  oscilloscope.  The  received  laser  power,  Pr  = vj^  / 2R^  on 
the  junction  can  then  be  measured  when  a laser  beam  with  total  power 
PL  is  focused  on  the  antenna/diode  and  the  dependence  of  the  coupling 
efficiency,  n = Pr/PL,  on  the  diode  resistance  can  be  studied  and  com- 
pared to  the  theory  (Eq.  1).  In  the  experiment,  the  antenna  is  formed 
by  a thin  tungsten  wire  several  wavelengths  long  so  that  the  radiation 
impedance  is  predominantly  resistive.  Also  the  radius  of  the  point 

o 

contact  (tlOOOA)  is  sufficiently  small  that  capacitive  loading  is 

negligible  (q<<l).  The  resistance  of  the  diode  is  varied  by  adjusting 

the  pressure  on  the  point  contact  and  the  coupling  efficiency  is  measured 

for  each  value  of  the  resistance.  A typical  set  of  experimental  results 

is  presented  in  Fig.  8 and  found  to  agree  with  the  theoretical  pre- 

RD 

diction:  n=4n0RA 


I 
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In  tiiis  way,  a value  of  Rp  = 162  - 10  ohm  was  obtained  for  the  antenna 
whose  radiation  pattern  was  also  measured  (Fig.  9)  by  using  a previously 
described  technique.^ 

The  dependence  n0  (e^)  on  the  focusing  angle  was  then  investigated. 

If  the  focusing  angle  is  much  smaller  than  the  width  of  the  first  lobe 

(OfCcGi),  the  laser  radiation  appears  essentially  as  a plane  wave  and  the 

>.2 

coupling  can  be  described  by  an  effective  antenna  aperture  o =^j-  G where 
the  gain,  6,  for  L»x  is  given  by  G =— 

A 

(See  Appendix  B).  In  this  regime,  (0^<<0£)>  the  efficiency  is  given  by 
the  ratio  no  -o/ttw02  (where  2w0  is  the  focused  spot  diameter). 

tu  ,/  2^  120  L 

Then  n0  *o/(irw0O  » — e/ 

A 

? 

has  a 6^  dependence  in  agreement  with  the  experimental  results  in  Fig.  10. 

The  experimental  results  of  Fig.  10  show  that  for  small  focusing  angles 

( 0^  = D/f  where  f = 12.7  cm.  in  this  case)  the  efficiency  nQ  is  in  fact 
2 

proportional  to  e ^ , consistent  with  the  concept  of  effective  aperture. 

That  proportionality  constant  agrees  within  a factor  of  two  with  the  one 
expected  from  the  theory  when  in  the  above  expression  for  nQ  we  replace 
L and  by  their  experimentally  measured  values.  Considering  the  sim- 
plifications involved  and  uncertainty  in  our  calorimetric  laser  power 
measurements,  the  above  agreement  is  satisfactory.  As  the  focusing  angle 
is  increased  to  a value  comparable  to  the  width  of  the  first  radiation 
lobe,  the  coupling  efficiency  saturates  to  about  3%,  in  agreement  again 
with  the  theory.  (Appendix  B)  The  experiment  was  repeated  for  a different 
antenna  length  and  a proportionally  different  coupling  efficiency  (or 
antenna  gain)  was  observed  for  small  focusing  angles.  At  larger  focusing 
angles,  however,  the  same  saturated  value  of  the  coupling  efficiency  is 
reached. 
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To  confirm  that  the  FIR  detection  is  due  to  the  same  mechanism  as  that 
of  rf  detection  (i.e.  rectification),  we  checked  that  the  balancing 
condition  remains  when  a bias,  up  to  about  100  mV,  is  applied  tc  the 
diode,  (i.e.  FIR  and  rf  detection  have  the  same  bias  dependence.) 

A major  recent  advance  has  been  photolithographic  fabrication 

16 

of  a high-speed  metal -oxide-metal  junction.  With  a two-stage  thin 
film  vacuum  evaporation  method,  a high-speed  junction  is  deposited 
on  a substrate,  along  with  a small  antenna  integrated  to  it.  We  have 
applied  the  balancing  technique  to  the  study  of  such  a diode  junction 
(integrated  to  an  antenna).  Preliminary  results  show  that  in  some 
structures  the  coupling  efficiency  is  as  high  as  2 or  3%,  comparable 
to  that  of  the  mechanical  point  contact  diode. 

We  should  recall  that  the  technique  is  applicable  regardless  of  the 
nature  of  the  rectification  mechanism  as  long  as  it  is  the  same  at  rf 
and  ir  frequencies.  For  example,  we  have  also  fabricated  antenna  structures 
where  the  load  is  an  evaporated  micron-sized,  thin-film  wire  without  a 
junction.  A weak  bolometric  response  was  observed  at  both  frequencies  and 
the  best  coupling  efficiency  was  found  to  be  around  1%. 


We  have  studied  the  behavior  of  the  point  contact  diode  nonlinearities 
by  observing  the  bias  dependence  of  the  rectified  signal  when  a known 
amount  of  rf  power  is  coupled  to  the  diode.  These  results  can  be  com- 
pared with  the  predications  of  the  tunneling  model  (Section  III)  yielding 
values  for  the  barrier  parameters  that  are  found  to  be  reasonable. 

The  diode's  I-V  characteristic  up  to  third  order  can  be  expressed  as: 

I =-jjr  (V  + mV2  + nV3) 
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Due  to  these  nonlinearities,  the  rectified  voltage,  Vr>  when  an 
rf  voltage  coswt  is  coupled  to  the  diode  is  given  by 

v 2 

Vp  = (m  + 3n  Vb)_lD 

The  experimental  dependence  of  Vr  on  shown  in  Fig.  11,  can  be 
approximated  by  a straight  line  in  the  low  bias  region.  We  can  then 
obtain  for  the  2 K-ohm  dicde,  m = .16  V~^  and  n - 1.81  V-^. 

Note  that  these  values  for  m and  n,  which  are  independent  of  the 
contact  area,  are  in  general  agreement  with  those  obtained  from  the  tunnel- 
ing model  assuming  reasonable  values  for  the  barrier  parameters. 

We  can  invert  equations  (2)  and  (4)  to  obtain: 

1 324  RQa 

<j>  = — — ■ in  

0 4/~6rT  4/TiT 

S = 4$0  i/6rT 
L = 

? 

By  estimating  the  value  of  contact  area  as  a = .1  urn  , we  can  then 

O 

obtain  = .65  ev  and  L = 10.3  A which  are  quite  reasonable  and  change 
only  lograithmically  with  the  estimated  area.  Furthermore,  the  value  of 
o according  to  the  theory  is  given  by 

a = m /6/rT 

which,  in  the  case  of  Fig.  11,  is  equal  to  0.29  and  does  not  depend  on 
the  estimated  area. 

As  the  resistance  of  the  diode  is  lowered  by  adjusting  the  pressure 

of  contact,  the  value  for  n decreases  monotonically.  For  example;  if 

o 

Rj  = 50  ohms  we  get  n = 1.39  so  that  <f>0  * 0.43  eV  and  L = 7.3  A.  At 


4 /6n  $ 
1..  025 
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these  low  values  of  L and  *0,  the  W.K.B.  approximation  used  in  calcu- 
lating the  tunneling  probability  begins  to  lose  its  applicability. 

On  the  other  hand,  the  value  of  the  barrier  asymmetry  factor 

can  vary  over  a very  wide  range  for  diodes  with  the  same  resistance.  Some 

6,11,13,20 

of  the  other  characteristics  reported  in  the  literature 
correspond  only  to  nearly  symmetric  diodes. 

We  have  shown  that  in  agreement  with  the  theory,  the  zero  bias  respon- 
sivity,  (=m),  remains  nearly  constant  as  the  resistance  is  varied  over 
two  orders  of  magnitude.  This  statement  was  previously  made  in  section  IV  (a) 

without  experimental  support.  We  have,  however,  verified  Eq.  5 at  FIR 

frequencies  (.where  q<l)  by  studying  the  laser  rectification  as  the 
resistance  cf  the  diode  "relaxes"  continuously  and  slowly  (presumably  keeping 
the  same  asymmetry  factor  a ) from  10  to  few  thousand  ohms.  We  were  able  to 
fit  the  result  to  the  expression: 


with  two  adjustable  parameters,  and  R^. 

This  method  of  determining  R^  is,  however,  more  tedious  and  difficult 
than  the  previously  described  balancing  technique,  where  the  changes  in 
Rp  need  not  be  continuous. 

The  authors  would  like  to  acknowledge  several  valuable  discussions  on 
this  subject  with  G.  Elchinger. 
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APPENDIX  A 


V 


The  problem  of  calculating  the  1-V  characteristic  of 

a metal-insulator-metal  structure  has  been  treated 

by  different  authors.  We  will  summarize  the  treatment  given 

in  reference  15.  However,  we  should  point  out  that  when  the 

3 

I-V  characteristic  is  expanded  up  to  the  V term,  the  same 
results  are  obtained  from  reference  21.. 

The  current  is  due  to  quantum  mechanical  tunneling  of 
electrons  through  the  potential  barrier  presented  by  the  thin 
insulating  layer.  When  a voltage  V is  applied  across  the 
junction  the  barrier  shape  is  <p  (x,V)  = <p  (x)  - eV.  An  elec- 
tron  approaching  the  barrier  with  an  energy  Ex  in  the  direc- 
tion perpendicular  to  the  barrier  has  a transmition  probabil- 
ity given  by  the  WKB  approximation 

-oce/V^^,V)-Ex" 

P(ex,v)  = e eJo 


ZVZrrT'  | 

where  cr'g  - ^ 0 b J 6 V r\ 

carrying  out  a Taylor  expansion: 

In  p(Ex,V)=  - [bx  + e x + fiex2  + --]  where  ex=€i-Ex. 
and  is  the  Fermi  energy  in  metal  1 and  the  V dependence  appears 
in  the  coefficients  bj_,  Cj_,  f^ . 

The  total  tunneling  current  density  is  obtained  by  inte- 
gration over  the  contribution  of  electrons  with  different 

M it  m e KI  r * p(£KJV)  F(Ex,V)  JEx 

h * J - «*o 

, . MtL. 

1 4 «*»  (*fr» 


energies  E^. 


J(V)  = 


j F - l 

«»•«  r 


L 


T 


It  is  possible,  at  this  point,  to  obtain  numerical 
solutions  with  the  help  of  a computer.  However,  further 
approximations  will  let  us  obtain  analytical  solutions. 

A discussion  of  the  approximations  involved  in  different 
methods  is  best  discussed  in  ref.  22.  A series  expan- 
sion of  the  current  density  up  to  the  third  power  of  the 
voltage  is  then  obtained. 


J = G(T)  (\j  * *''!*'  + nV3) 


G-(T) 


jo  cio 


* clo±l 

5 in  (it  Cjo  k » ) 


Jo  " 

A = 


( u r 

HIT m#.  e (U7)X  __ 


- \*10  Tz  amp 


-z 

cm 


The'  parameters  b1Q,  b^,  b^  2 and  C1Q  are  obtained  from 
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For  a trapezoidal  barrier  we  have  <{>  (x)  = 

that  when  substituted  in  Eqs.  (A3),  (Al) , and  (A2)  leads  to: 

k10  = s ( ) 


b,.  = 


'll 

C\D 


—5—  / 1 4-  4 } 

100  { L 6 ' 


where  the  parameter  S has  been  introduced 

S = cce  L V&1  = 1.025  L 


, _ h * *z 
Po  2 

- A. 

of  = ~7 "P 

01  + 02. 


and 


= asymmetry  factor 


For  zero  bias  and  neglecting  high  powers  in  a we  get  the  re- 

1 


sistance  and  responsivity  of  the  diode 

Se5 

*/"‘l,'Ro<°h"")  = 32  Hft  = o 

or  S ' 

hi  — -ijj  and 


2M 


- -1- A S -)Z 
n ' 6 UpJ 
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APPENDIX  B 


We  shall  estimate  the  efficiency  with  which 
power  focused  from  an  infrared  laser  can  be  coupled  to  the 
antenna/diode.  Using  the  reciprocity  theorem  of  antenna  theory 
and  considering  the  antenna  as  a radiator,  we  will 
calculate  the  fraction,  Y,  of  power  radiated  under  the  same 
solid  angle,  fi  , with  which  the  infrared  radiation  is  focused. 
The  efficiency  is 

- _L  f &(e,  <0  J*- 

~ i-n -J. 


where  G(9,<p)  is  the  orientation-dependent  antenna  gain.  It  is 

assumed  that  the  load  is  matched  to  the  antenna.  By  definition  of 

gain  if  is  taken  as  4tt  steradians,  then  Y = 1 (all  power 

delivered  to  antenna  is  radiated).  In  the  case  of  a whisker 

(7  8 ) 

diode,  long  wire  antenna  theory  applies.  ' ' The  gain  in 

(25) 

the  case  of  a standing  wave  antenna  is 


Q.-J£—  { C05*  k L + COS*’  © sin*  k L + i - ZcoskL  cos  (If  L COS©) 

-2  COS  B »*'n  kL  (kL  cos  ©;] 


where  L is  the  whisker  length. 
This  radiation  pattern  has  a main 
antenna.  The  first  null  is  at: 


lobe  at  a small  angle  from  the 
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For  long  antennas  (L>>  A ) it  can  be  shown  that  the 

120  L 


maximum  gain  can  be  approximated  by  G „ 


so 


m 


that  the  coupling  efficiency  when  the  focusing  angle  0^  is 
comparable  with  0eisyc;  ^ ^ 


R„ 


For  a typical  = 150  Q we  would  get  y = .06 


In  principle  it  is  possible  to  use  phased  arrays  in  the 
same  context  that  it  is  done  in  microwaves.  A horn  antenna 
or  an  end-fire  phased  array  would  provide  coupling  efficiencies 
close  to  unity. 
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FIGURE  CAPTIONS 


Figure  1.  Equivalent  circuit  model  of  the  antenna/diode. 

Figure  2.  Rectified  voltage  as  a function  of  the  diode  re- 
sistance, Rd  - xRa,  at  frequencies  from  below  (q<l)  to  well 
above  (q>l)  roll  off.  The  voltage,  v , is  proportional  to 
the  incident  power,  P,  and  is  given  by  v = 48-R.P. 

Figure  3.  Several  quantities  are  plotted  as  a function  of 

the  reduced  freauencv,  o.  The  value  x is  the  reduced  re- 

o 

sistance  that  optimizes  the  power  conversion.  This  conver- 
sion efficiency  is  given  by  n€/P  in  Eq  . (10) . The  optimum 
detectivity,  D,  is  given  by  Eq.  (19).  Finally,  F(xq)  is 
given  by  Eq.  (H)  appears  frequently  in  the  text. 

Figure  4.  As  the  operating  frequency  of  the  diode  increases 
the  junction  area,  a,  and  oxide  thickness,  L,  have  to  be  decreased  in 
order  to  optimize  the  detectivity  of  the  diode.  The  result- 
ing current  responsivity , g.,  decreases  logarithmically. 

Pigure  5.  The  detectivity,  D,  for  a junction  area  of  1 um  , 
is  plotted  as  a function  of  dielectric  thickness,  L.  The  cal- 
culation is  done  on  a computer  using  Eq.  (18).  It  is  noticed 
that  for  each  frequency  there  is  a value  of  the  thickness,  L, 
that  optimizes  D.  In  addition,  it  is  seen  that  as  the  fre- 
quency increases  beyond  3 x 1011  Hz,  roll  off  effects  are 
noticeable. 
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Figure  6.  The  maxima  of  the  family  of  curves  displayed  in 

Fig.  5 shows  how  the  optimum  value  of  the  detectivity  depends 

on  the  frequency.  In  this  manner  we  obtain  the  curve  labeled 

2 

above  as  a = 1 yn  (the  area  for  which  Fig.  5 was  calculated). 

Curves  for  other  junction  areas  are  similarly  obtained.  The 
optimum  thickness  at  the  corner  frequencies  are  displayed 
above  the  curves. 

Figure  7.  Block  diagram  of  the  equipment  used  for  establishing 
an  rf  level  that  gives  equivalent  response  to  an  incident  focused 
laser  beam  for  various  measured  diode  resistances.  An  adjustable 
amount  of  400  kHz  signal  is  coupled  when  the  chopper  blade  blocks 
the  laser.  The  lock-in  is  nulled  by  adjusting  the  amplitude  of  the 
rf,  which  is  then  mea-sured. 

Figure  8.  Antenna/diode  efficiency  is  plotted  as  a function  of 
the  diode  resistance.  The  curve  was  fitted  to  the  data  by  varying 
R ; best  fit  is  162  . Whisker  length  is  1.95  mm  = 5.8  X , 

A 

X = 337  urn. 

Figure  9.  The  radiation  pattern  is  given  for  the  antenna  used  in 
the  measurement  of  Fig.  8.  In  this  case,  the  pattern  for  311  pm 
is  also  given. 

Figure  10.  The  antenna/diode  efficiency  is  plotted  as  a function 
of  iris  diameter,  D,  for  = 12.7  cm.  It  should  be  noted  that 
saturation  at  high  values  of  D comes  from  a combination  of  approach- 
ing the  oeara  diameter  and  exceeding  the  width  of  the  first  lobe. 

The  orooortional itv  constant,  .0035  coincides  with  the  theoretical 
prediction.  However,  the  experimental  value  contains  an  uncertainty 
of  a factor  of  about  two  due  to  power  measurements. 
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Fig.  11.  The  experimentally  determined  dependence  of  Vr  on 

is  presented.  Diode  resistance  was  measured  as  2 Kn  and 
-1  -2 

values  of  m = .16  V and  n = 1.81  V were  calculated  from  this 
plot . 


Page  31 


V cos  cut 


| 6 I 


Vr(mV) 


-ii- 

‘ Study  of  GH^OH  Far  Infrared 
Pump  Transitions  Using  Stark 
Effect  and  Saturated  Absorption 
Techniques 

by 

Joseph  J.  Mickey 
ABSTRACT 

It  is  well  known  that  the  9 micron  band  of  a C02  laser 
overlaps  the  Q and  R branches  of  the  C-0  stretch  band  of 
Methyl  Alcohol.  Because  of  the  current  interest  in  optically 
pumped  lasers,  we  have  made  high  resolution  Lamb  dip  and 
Stark  effect  studies  of  the  coincidences.  From  these  data, 
we  can  make  assignments  of  the  quantum  numbers  of  some  CH^OH 
transitions.  Hennigson  and  others  have  made  theoretical 
predictions  for  these  assignments.  It  is  our  purpose  here 
to  compare  experimental  results  with  these  predictions.  We 
have  results  from  data  taken  for  the  CH^OH  coincidences  with 
P(36),  P(3^).  P(32),  P(30),  P(24),  and  R(10). 
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SATURATED  ABSORPTION  STTJDIES  OF  METHYL  ALCOHOL 
FAR  INFRARED  LASER  PUMP  TRANSITIONS 

by 

DANIEL  SELIGSON 


Submitted  to  the  Department  of  Physics  in  partial 
fulfillment  of  the  requirements  for  the  Degree  of 
Bachelor  of  Science 


ABSTRACT 

The  9 /a.  m band  of  a CO2  laser  overlaps  the  Q branch  of  the  C-0  stretch 
band  of  methyl  alcohol.  We  have  made  hig^  resolution  Lamb  dip  and  Stark 
Lamb  dip  studies  of  the  coincidence  with  the  CO2  laser  lines  9P(34)  and 
9P(36) . We  found  that  the  CH3OK  resonances  lie  25  +_  5 MHz-and  38  +_  5 MHz, 
respectively,  above  the  centers  of  the  CO2  lines.  Also,  we  made  — 
measurements  of  linear  absorption,  pressure  broadening,  and  Stark  tuning 
rates.  From  these  data,  we  made  tentative  assignments  of  the  quantum 
numbers  of  the  methanol  transitions.  Because  of  current  activity  in  the 
field  of  optically  pumped  Far  Infrared  lasers,  researchers  are  trying  to 
assign  this  transition  also.  We  compare  our  assignment  with  some  others. 
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DEVELOPMENT  OF  A PRECISE  WAVELENGTH 


MEASUREMENT  TECHNIQUE  FOR  LASERS  AND 
ITS  APPLICATION  TO  THE  MEASUREMENT  OF 
THE  SPEED  OF  LIGHT  AND  SPECTROSCOPY. 


by 

JEAN-PIERRE  MOtJCHALIN 


Submitted  to  the  Department  of  Physics  on 
August  9,1976  in  partial  fulfillment  of  the 
requirements  for  the  degree  of  Doctor  of 
Philosophy. 


ABSTRACT 


A scanning  Michelson  interferometer  has  been  used  to 
compare  the  wavelengths  of  2 lasers,  one  of  them  being  a length 
standard.  The  fundamental  limitation  to  the  accuracy  originates  from 
diffraction;  the  correction  due  to  diffraction  is  calculated  for  the 
TEM00  mode,  higher  order  modes,  astigmatic  and  uncollimated 
beams.  The  experimental  set-up  is  fully  described  including 
the  interferometer,  the  CO2  lasers,  the  He-Ne  lasers,  the 
stabilization  technique  and  all  the  optics.  The  alignment 
technique  is  given  in  detail.  The  instrumental  corrections  and 
the  instrumental  errors  are  discussed;  these  include  the  correc- 
tion due  to  the  diffraction  by  the  corner  reflector  of  the 
interferometer  and  the  errors  introduced  by  feedback  effects. 

The  technique  used  for  recording  and  processing  the  data  is 
also  described.  Using  the  He-Ne  laser  stabilized  on  the  i 
component  of  127j2  as  a standard,  the  system  has  been  the 
object  of  2 applications. 

12  1 6 

The  ratio  of  wavelength  of  a C02  laser  stabilized 
on  R14  of  the  000l-[10^0 , 02^0]  jj  band  to  the  wavelength  of  the 
standard  has  been  measured  with  an  accuracy  of  6 parts  in  10^. 

Using  the  value  of  the  frequency  given  by  the  National  Bureau 
of  Standards  of  Boulder,  a value  for  the  speed  of  light  has  been 
calculated  c = 299792457.6  (2.2)  m/s  in  excellent  agreement  with 
the  other  recent  measurements. 

12  16 

The  wavelengths  given  by  a C O2  laser  stabilized 
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successively  on  26  transitions  of  the  P branch  of  the  01  1 
[11*0 , 03^0]  j band  have  been  measured.  These  data  and  two 
other  frequency  measurements  have  been  used  to  calculate 
the  molecular  constants  for  this  band  ; the  values  obtained 
have  been  compared  to  their  previous  best  estimates  and 
represent  a significant  improvement  . Using  the  values  of 
the  constants  tables  of  the  P,  Q , R branches  have  been 
calculated . 
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LINESHAPES  OF  NARROW  DOPPLER-FREE  SATURATION 
RESONANCES  AND  OBSERVATION  OF  ANOMALOUS 
ZEEMAN  SPLITTING  ARISING  FROM  ROTATIONAL 
MAGNETIC  MOMENT  IN  1£  C02  AND  N20  MOLECULES 

by 


Michael  James  Kelly 


Submitted  to  the  Department  of  Physics  on  February  20,  1976  in 
partial  fulfillment  of  the  requirements  for  the  degree  of 
Doctor  of  Philosophy. 


ABSTRACT 

Several  experiments  are  described  which  extend  the  possi- 
bilities of  performing  high  resolution  nonlinear  laser  spec- 
troscopy by  utilizing  Doppler-free  standing  wave  saturation 
resonances  (SWSR) . Theoretical  lineshape  calculations  are 
performed  on  two  and  three  level  systems.  The  resulting  line- 
shapes  are  then  fitted  to  experimental  data. 

The  lineshape  of  a three  level  system  with  two  closely 
spaced  levels  interacting  with  a weakly  saturating  plane 
standing  wave  laser  field  is  derived.  It  is  shown  that  this 
lineshape  can  be  considerably  simplified  before  it  is 
compared  to  the  experimental  data. 

Using  the  rate  equation  approach,  the  lineshape  of  a two 
level  system  interacting  with  a strongly  saturating  standing 
wave  field  is  calculated.  This  calculation  includes  a deri- 
vation of  the  30%  theoretical  maximum  depth  of  the  saturation 
resonance  observed  in  fluorescence.  This  lineshape  is  aver- 
aged over  a Gaussian  intensity  distribution  and  yields  a 
closed  form  solution.  This  solution  permits  the  derivation 
of  an  expression  for  the  half-width  at  half-maximum  (HWHM) 
which  is  net  limited  to  third-  or  fourth-order  perturbation 
theory.  Hence,  this  expression  contains  the  effects  of 
saturation  broadening.  The  intensity  averaged  lineshape  has 
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the  interesting  property  that  it  predicts  anomalous  line 
narrowing  at  low  pressure. 

The  design  features  of  a highly  stable  4-rod  laser,  useful 
for  precision  spectroscopy,  is  presented.  The  laser  structure 
can  be  operated  as  either  a C02  or  N20  laser.  It  oscillates  on 
several  hundred  transitions  in  the  9-,10-,  and  11-micron  bands. 
Also,  the  development  of  a large  area  (2  cm  x 2 cm)  liquid 
helium  cooled  Cu:Ge  detector  with  a cold  filter  which  has  a 
S/N  comparable  to  InSb  is  presented. 

A study  of  feedback  effects  on  CO2/N2O  laser  stability 
demonstrated  that  feedback  can  effect  the  laser  cavity  power 
by  as  much  as  ±10%  without  producing  any  measurable  frequency 
pulling  effects.  Several  techniques  of  feedback  isolation 
were  investigated.  The  technique  of  misaligning  the  standing 
wave  mirror  was  shown  to  produce  a 35  kHz  per  mrad  broadening 
of  the  HWHM  of  a saturation  resonance. 

Collision-  and  power-broadening  measurements  of  CO2  and 
N2O  fluorescence  saturation  resonances  in  the  0 to  70  mTorr 
region  are  presented.  The  slope  of  the  collision -broadening 
data  in  this  region  varies  from  6 to  16  kHz/mTorr.  The  data 
indicates  that  the  transit  time  is  not  responsible  for  the 
anomalous  line  narrowing  observed  at  low  pressures.  A fivefold 
reduction  in  the  linewidth  of  these  resonances  is  achieved. 

The  experimental  results  demonstrate  that  there  are  no  barriers 
which  would  prevent  the  use  of  these  narrow  Doppler-free 
fluorescence  resonances  in  future  clock  applications. 

The  observation  of  Zeeman  splitting  of  excited  vibrational 
states  of  CO2  (10°0,0200,0001)  and  N2O  (1000,000i)  using  the 
SWSR  technique  is  reported.  Observation  of  the  small  Zeeman 
splitting  (''•<60kHz/kG)  in  these  1Z  molecules  is  made  possible  by 
the  narrow  linewidth  obtained  by  this  technique.  The  existence 
of  hundreds  of  lasing  transitions  in  CO2  and  N2O  enables  investi- 
gation of  molecular  g- factors  across  the  whole  vibrational  band. 
The  anomalous  Zeeman  effect  resulting  from  the  small  difference 
in  the  g- factors  of  the  two  levels  (^1-2%) , due  primarily  to 
molecular  vibration,  produces  a large  difference  in  the  observed 
lineshapes  for  P-  and  R-branch  transitions.  Experiments  with 
linearly  and  circularly  polarized  light  determine  g and  Ag  to  be: 
CO2,  10-micron  band,  g=-0. 053±0 .003,  Ag=0 . 00100±0 . 00006 ; C02 , 9- 
micron  band,  g=-0 . 052±0 . 003,  Ag=0 . 00100+0 . 00006 ; N20,  10-micron 
band,  g=-0 . 077±0 . 008 , Ag=0 . 00077+0 . 00008  where  the  magnitude  of 
the  lower  level  g-factor  is  greater  than  the  magnitude  of  the 
upper  level  g-factor. 
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THEORY  OF  SUPERRADIANCE  IN  AN  EXTENDED,  OPTICALLY  THICK 

MEDIUM 


by 
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Submitted  to  the  Department  of  Physics  on  August  11,  1978 
in  partial  fulfillment  of  the  requirements  for 
the  degree  of  Doctor  of  Science 


ABSTRACT 


A semiclassical  theory  of  superradiance  in  an  optically 
thick  two-level  medium  is  presented  in  terms  of  coupled 
Uaxwell-Schrodinger  equations  which  can  be  integrated 
numerically.  The  evolution  of  this  model  is  followed  from 
Dicke’s  original  description  of  superradiance  through  more 
recent  theories.  A description  of  superradiance  experiments 
is  given,  and  they  are  compared  to  this  and  other  theories. 
V/hile  good  qualitative  agreement  has  been  achieved,  some 
controversy  regarding  the  choice  of  appropriate  values  of 
the  initial  parameters  to  correspond  to  a given  set  of 
experimental  conditions. 

The  semiclassical  model,  described  in  detail,  simulates 
, spontaneous  emission  in  the  form  of  a distributed  source  of 

randomly  phased  polarization  the  amplitude  of  which  is 
calculated  using  the  Einstein  equation.  Methods  used  for 
computer  solutions  of  the  semiclassical  equations  are 
described  in  detail,  and  simple  analytical  formulas  for 
experimentally  relevant  parameters  are  derived.  Experi- 
mental implications  of  the  assumptions  made  in  deriving 
,i  both  the  original  equations  and  the  simple  analytical 

formulas  are  discussed  in  detail. 

Expressions  are  given  which  limit  the  length  and 
density  of  a high  gain  system  which  can  superradiate,  or 
equivalently,  which  limit  the  shortness  of  its  output 


3 


radiation  pulses.  Limits  arising  from  experimental 
conditions  such  as  finite  inversion  time,  finite  decay  and 
dephasing  times,  finite  transit  time  (cooperation  length), 
feedback,  diffraction,  and  Fresnel  number  not  approximately 
one  are  discussed.  Both  swept  and  uniform  excitation 
configurations  are  considered.  Modifications  to  the  simple 
analytical  expressions  for  the  output  radiation  which  result 
from  each  of  these  effects  are  described  in  detail. 

Detailed  computer  results  are  also  given. 

Applications  of  superradiance  to  x-ray  laser  design, 
ultrashort  pulse  generation,  and  analogous  radiation  which 
may  be  possible  in  paramagnetic  spin  systems  are  described. 
The  need  for  further  study  of  non-plane  wave  behavior, 
especially  transverse  effects,  is  discussed.  Finally  a new 
class  of  experiments  is  proposed  in  which  a superradiant 
state  is  prepared  directly,  rather  than  by  inverting  a 
system  and  allowing  a superradiant  state  to  evolve. 
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ABSTRACT 

Transient  coherent  phenomena  are  investigated  in  this 
thesis  by  means  of  studying 

a)  The  evolution  of  the  envelope  of  short  duration  (2-40nsec) 

NjO  laser  pulses  in  resonant  NH^  absorber  for  a variable 

number  of  absorption  lengths  (aL..<14)  . Zero  degree  pulses 

(f  e(z,t)dt=0)  are  observed  to  propagate  with  enhanced 

■ —CO 

transmission  for  both  short-duration  low  intensity  pulses 
and  longer  pulses  of  intensity  sufficient  to  allow  obser- 
vation of  optical  nutation  effects.  The  reshaping  of 
pulses  which  contain  a rapid  amplitude  or  phase  variation 
is  observed  to  result  in  pulses  of  subnanosecond  duration. 

A rapid  phase  reversal  gives  rise  to  amplification  for 
times  comparable  to  the  transverse  relaxation  time. 

b)  The  evolution  of  the  envelope  of  short-duration  (2-40nsec) 

CC>2  laser  pulses  in  a low  pressure  (^5  Torr)  C02  amplifier 

in  the  linear  regime  for  a variable  number  of  gain  lengths 
(aL*7).  Single  pulses  grow  considerably  in  duration  as 
well  as  amplitude  in  agreement  with  theoretical  consider- 
ations. Analysis  of  the  observed  pulse  evolution  is  used  to 
obtain  experimental  values  for  the  transverse  relaxation 
parameter  T2  and  the  number  of  gain  lengths  aL  in  agreement 
with  values  obtained  by  other  methods.  Zero  degree  pulses 
are  observed  to  terminate  much  of  the  long  tail  which  occurs 
in  single  pulse  amplification.  Off-resonant  amplification 
of  short  duration  pulses  is  shown  to  lead  to  dramatic  changes 
in  the  zero-degree  pulse  evolution.  Numerical  calculations 
relating  to  the  use  of  these  techniques  in  the  nonlinear  re- 
gime for  high  pressure  C02  amplifiers  are  also  presented. 
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c)  The  properties  of  population  inversion  by  optical 

Adiabatic  Rapid  Passage  (ARP)  using  laser  saturation 
spectroscopy  techniques.  In  these  investigations,  a 
direct  attempt  to  measure  in  the  time  domain  for  an 

infrared  transition  in  NH^  is  undertaken.  The  popu- 
lation ch.  .ge  produced  by  sweeping  the  frequency  of  a 
strong  saturating  1^0  laser  field  through  the  center  of 

a Doppler-broadened  absorption  line  is  probed  by  a weak 
counterpropagating  field  as  in  a Lamb-dip  experiment. 

When  the  ARP  conditions  are  satisfied,  inversion  of  popu- 
lation is  detected  as  amplification  of  the  probe  wave 
near  the  line  center.  As  the  inverted  population  relaxes 
to  equilibrium,  the  amplification  decays  back  to  the  un- 
saturated absorption  with  a time  constant  given  by  T^. 

The  pressure  dependence  of  this  decay  below  40  mTorr  is 
measured  to  be  T^P=24 . 3 ( vsec»mTorr)  indicating  that 

T^~  3.6  T£.  The  results  are  discussed  in  terms  of  molecu- 
lar dipole-dipole  interactions,  responsible  in  NH^  for  the 

collision-induced  decay  of  the  polarization  as  well  as  that 
of  the  population  inversion. 
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requirements  for  the  Degree  of  Doctor  of  Philosophy 

ABSTRACT 

A theoretical  and  experimental  study  of  coherent 
optical  effects  in  coupled  Doppler  broadened  three-level 
molecular  systems,  interacting  resonantly  with  two  mono- 
chromatic laser  beams,  is  presented.  The  phenomena  occur 
in  a low  pressure  gas  sample  when  one  of  the  beams  is 
strong  enough  to  saturate  one  transition  while  the  other 
beam  probes  the  coupled  transition.  The  saturation  by  the 
strong  beam  leads  to  a change  signal  in  the  probe,  in  a 
narrow  frequency  range  within  the  wide  Doppler  linewidth 
of  the  coupled  transition. 

Transient  decay  of  these  narrow  change  signals  is 
studied,  for  the  case  where  the  saturating  field  is 
suddenly  turned  off. 

Parallel  and  anti-parallel  propagation  of  the  two 
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beams  give'  different  lineshapes  for  the  narrow  change 
signals  which  are  analyzed  in  their  dependence  on  the 
relaxation  rates  of  the  transitions  and  high  saturation 
effects. 

From  steady  state  experiments  with  NH^  the  lineshapes 
are  used  to  extract  a value  for  the  Zeeman  coherence 
relaxation  rate  in  the  excited  state  of  the  V2  ,£(8,7) 
transition.  This  rate  of  7.2  MHz/To rr  is  almost  twice 
the  corresponding  population  relaxation.  Relaxation  rates 
for  NK^  in  the  presence  of  He  buffer  gas  are  also  measur- 
ed. » 

Transient  experiments  with  the  same  NH^  transition 

were  observed.  Features  predicted  theoretically  are 
verified  for  the  lineshapes*  decay.  The  excited  state 
population  relaxation  rate  is  measured  from  the  transients, 
the  result  being  in  good  agreement  with  previous  measure- 
ments . 

Properties  of  Optically  pumped  Far- Infrared  lasers 
are  studied  in  their  relation  to  coherent  three-level 
effects.  Experiments  in  a continous  wave  CH^OH  laser, 
pumped  by  a C02  laser,  are  presented. 
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ABSTRACT 

The  technique  of  laser -induced  fluorescence  using  a 
pulsed  dye  laser  has  been  applied  to  study  processes  in 
ground  and  excited  triplet  states  of  molecular  helium.  The 
technique  is  simple  and  generally  applicable.  In  the  present 
work  it  was  used  to  study  the  formation  and  quenching  of  the 
ground  triplet  state  He,(a3Z+u)  = He2m  and  the  relaxation 
processes  of  the  He2(e31ig). 

In  the  experiment,  a pulsed  discharge  in  He  is  used  to 
produce  different  excited  species,  some  of  which  become  He2, 
which  is  then  quenched  by  different  mechanisms.  In  order  to 
study  the  formation  and  decay  of  He2,  the  electrical  pulses 
were  made  purposely  short,  so  the  species  of  interest  are 
created  after  the  gas  discharge.  A nitrogen  laser  pumped  dye 
laser  was  usad  to  excite  the  a3E+u(v,N)  •*  e3Hg(v,N’)  A=4650a 
vibronic  transitions  of  He  in  the  afterglow  or  the  gas  dis- 
charge. The  excitation  was  measured  by  monitoring  the  fluore- 
scence emitted  from  the  e3Hq  level  of  He2.  The  detection 
system  consisted  of  an  optical  system  to  collect  light,  and  a 
monochromator  followed  by  a cooled  photomultiplier.  The  mono- 
chromator usad  as  a filter  is  necessary  to  isolate  the  laser 
induced  fluorescence  from  the  noise  of  the  discharge.  The 
signal  to  noise  ratio  was  further  increased  by  using  a gated 
integrator  with  an  adjustable  gate  aperture  time.  A scanning 
device  was  incorporated  into  the  system  which  varies  the  delay 
between  the  dye  laser  pulse  and  the  helium  discharge.  In 
this  way  all  the  time  evolution  of  He2m  was  obtained  in  one 
single  scan.  The  high  intensity  and  the  short  pulse  of  the  dye 
laser  (6  nsec  FWHM)  acted  as  a delta  function  excitation  of  the 
upper  level.  These  features  of  this  laser  simplified  the 
detection  and  data  analysis  of  relaxation  processes  of  the  upper 
level  being  populated. 
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It  was  found  that  under  the  conditions  used  here.  He 2m  is 
produced  during  the  first  400  ysec  of  the  afterglow  from 
excited  helium  atoms.  Also  the  formation  rate  of  He  2m 
coincides  with  the  destruction  rate  of  He+  through  transforma- 
tion to  Hfe2+  and  dielectronic  recombination.  This  model  also 
explains  the  variation  of  peak  current  during  the  glow  with 
peak  population  of  He2m.  Furthermore,  it  also  accounts  for 
the  time  evolution  of  He2m.  The  rate  of  formation  of  He2m 
from  He+  was  found  to  be  (2. 20 ±0.40)  times  the  concentration 
of  He+.  Of  course  the  formation  of  He2m  from  He+  could  involve 
many  other  intermediate  steps.  In  the  experimental  conditions 
of  this  work,  other  mechanisms  that  produce  He2m  are  found  to 
make  very  small  contributions  to  the  formation  of  He2. 

The  main  loss  mechanism  of  He2m  is  diffusion  to  the  walls. 
Another  loss  mechanism  is  electron  quenching.  The  v=l  state 
was  found  tc  be  quenched  faster  than  v=0.  The  first  one  has  a 
rate  of  ( 3 . CG±2 . 90 ) xlO” 9cm 3/sec , while  the  v=0  has  a rate  of 
(2.2+0.70)xlC-9  cm3/sec.  The  dependence  of  this  quenching 
rate  on  the  vibrational  quantum  number  was  seen  here  for  the 
first  time. 

Ilt  was  also  found  that  the  lifetime  "t"  of  the  ellg  state 
is  given  by  1/x  = [ 37 . 22±8 . 5+ (4 . 30 ±1 . 20) p] 10 Ssec”  1 where  "p” 
is  the  pressure  in  torr.  It  was  also  found  that  a collision 
of  an  excited  molecule  with  a helium  atom  could  change  the 
electronic  state  of  the  molecule.  This  collision  transfer 
allowed  me  to  measure  the  radiative  lifetime  of  the  e3IIg, 
d 3 1 , f3E+u  and  f 3nu  states  as  being  27±6,  53  + 5,  27  + 6,  and 

40±13  nsec,  respectively.  The  collision  transfer  rate  from  the 
e3H  to  the  d3I^u/  f3nu  and  f3^u  was  measured  as  being 
(6.70  + 1.39)xl0  6,  ( 1 , 00  + 0 . 2 3)  10 6 and  (22 . 6 + 5 . 2)  10  3 sec^torr-1 
respectively.  The  collision  transfer  rate  from  the  e3^  to 
the  f3E+u  was  found  to  be  extremely  fast  and  such  that  at 
pressures  above  3 torr  the  two  levels  were  in  thermal  equili- 
brium. This  rate  was  determined  as  being  over  30xl06  see- 1 torr” 1 . 

Ratios  of  Franck -Condon  factors  between  the  e3^  and  a3l+u 
states  were  measured  as  ^oq/SoI*  21.1  and  qn/q12"9 .84±0. 39  , 


Thesis  Supervisors : Ali  Javan  and  Michael  S.  Feld 
Title:  Professors  of  Physics 


I 


ENERGY  ABSORPTION  AND  VIBRATIONAL 


HEATING  IN  MOLECULES 
FOLLOWING  INTENSE  LASER  EXCITATION 


by 

Ronald  Erwin  McNair 

Submitted  to  the  Department  of  Physics  in  partial  fulfillment 
of  the  requirements  for  the  degree  of  Doctor  of  Philosophy. 


ABSTRACT 


Studies  are  made  of  the  energy  flow  into  and  among  the 
vibrational  degrees  of  freedom  of  polyatomic  molecules  due  to 
vibratior.-vibration  (V-V)  collisions  following  intense  laser 
excitation.  These  studies  have  been  made  theoretically,  by 
computer  analysis,  and  experimentally. 

Simple  closed  form  expressions  are  derived  for  predict- 
ing the  energy  absorbed  by  an  oscillator  from  an  intense  sat- 
urating laser  pulse.  This  analysis  treats  the  regime  where 
high  vibrational  excitation  is  accomplished  via  V-V  exchange 
collisions.  The  fundamental  results  obtained  employ  the 
novel  assumption  of  a time  dependent  quasi-equilibrium  distri- 
bution existing  among  the  upper  vibrational  states.  This  as- 
sumption is  verified  by  detailed  computer  simulations. 

A similiar  formalism  is  applied  to  a simple  polyatomic 
molecule  with  one  mode  under  laser  irradiaiton.  Theoretical, 
computer , and  experimental  evidence  are  presented  supporting 
the  remarkable  finding  that:  the  energy  absorbed  by  a poly- 
atomic can  be  predicted  by  the  simple  expressions  derived  for 
a diatomic  molecule. 

Energy  absorption  of  C0_  laser  radiation  by  CH.F  gas  have 
shown  that  at  5.0  Torr  CH..F  pressure,  ^2 . 5 quanta  per  molecule 
is  absorbed  by  the  gas.  For  a known  laser  pulse  duration 
(3.0,isec)  the  simple  theoretical  expressions  yield  a V-V  up- 
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the-Ijaaer  rate  for  the  y-fC-F  stretch)  mode  of  0. 8+.  2ysec“  - 
torr  which  agrees  well  with  measurements  by  laser- f luores- 
cence  techniques.  This  shows  that  an  energy  absorption  ex- 
periment is  now  a method  for  determining  V-V  rates. 

A new  method  for  measuring  the  energy  stored  in  the 
vibrational  degrees  of  freedom  is  introduced.  Using  this 
technique — the  "cold  gas  filter"  method — approximately  50% 
of  the  'total  energy  absorbed  is  found  to  reside  in  the  C-F 
stretch  mode  of  CH,F  at  about  9.6ym.  Vibrational  tempera- 
tures of  ^3000°K  are  observed  after  all  the  modes  reach  a 
vibrational  steady  state  while  the  translational  tempera- 
ture remains  a constant. 

The  re-distribution  of  energy  by  intra-mode  V-V  colli- 
sional  coupling  is  observed  and  presented  in  the  transient 
and  steady  state  regimes.  The  energy  stored  in  the  modes 
of  CH,F  that  are  collisionally  coupled  to  the  laser  pumped 
mode  is  measured,  again,  by  laser  induced  fluorescence.  .By 
calibrating  the  spontaneous  emission  intensity  of  the  n 
mode  by  that  of  v,,  which  is  measured  by  the  cold  gas  fil- 
ter, the  intensity  ratios  I /I_  are  used  to  obtain  the  ener- 
gy storage.  I is  the  intensity  of  any  mode  in  CH-F  and  I- 
is  the  v-  intensity.  J J 

A mbdel  for  predicting  the  steady  state  partitioning  of 
energy  in  polyatomics  is  presented  and  applied  to  CH,F . The 
good  agreement  between  the  model  predicted  partitioning  of 
energy  and  the  measured  energies  prove  that  the  modes  equi- 
librate at  different  vibrational  temperatures  and  that  the 
energy  flow  path  used  is  the  dominant  and  most  probable  one. 

These  findings  manifest  some  of  the  heretofore  unobser- 
ved behavior  of  polyatomics  and  their  interaction  with  strong 
resonant  laser  pulses.  In  addition,  new  possibilities  are 
opened  in  the  areas  of  laser  induced  photochemistry  and 
intra-mode  and  inter-molecular  energy  transfer  lasers. 
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Abstract 

The  conduction  mechanisms  of  metal  evaporated  tunnel 
junctions  are  examined  for  applied  electric  field  frequencies 
from  RF  to  the  visible.  For  optical  frequencies,  responses 
were  measured  when  a laser  source  directly  illuminated  the 
junction.  Responses  of  both  normal  and  superconducting 
junctions  were  measured. 

In  the  metal-oxide-metal  junction,  two  frequency  depen- 
dent regimes  of  conductivity  exist.  At  RF , where  the  fre- 
quency is  smaller  than  the  junction's  (RC)-1  the  conduction 
scheme  is  electron  tunneling.  At  photon  energies  in  the 
range  of  the  tunnel  barrier  height  the  conduction  scheme  is 
photo-induced  tunneling.  Expressions  for  the  tunnel  barrier 
parameters  (width,  height,  and  asymmetry  factor)  in  terms  of 
the  RF  rectified  response  are  derived  from  the  tunneling  for- 
malism. It  is  shown  that  the  tunnel  current,  for  photo- 
induced  tunneling,  is  a function  of  the  barrier  shape  through 
the  energy  dependent  tunneling  probability  function.  Tunnel- 
ing theory  is  used  to  derive  the  photocurrents,  as  a function 
of  incident  photon  energy,  for  different  barrier  shapes; 
square,  trapezoidal,  parabolic,  and  image  force  lowered. 
Estimates  of  barrier  shapes  for  three  junctions  (Al-Mg , Al-Al, 
and  Mg-Mg)  were  obtained  by  matching  measured  photocurrents 
to  those  calculated  from  the  barrier  models.  Barrier  para- 
meters obtained  from  RF  rectification  measurements  were  used 
as  bounds  for  the  barrier  models. 

Responses  to  optical  fields  of  the  Al-Pb,  metal-oxide- 
superconducting junction  were  found  to  be  of  two  types;  the 
thermal,  or  heating  response,  and  a rectification-like 
response.  The  nonthermal  responses  were  found  to  be  indepen- 
dent of  radiation  frequency,  and  closely  resemble  the  RF 
rectified  response  of  the  junction.  Examination  of  the  non- 
thermal response  characteristics  shows  that  rectification  at 
optical  frequencies  does  non  occur.  A conduction  scheme 
based  on  a laser-induced  nonequilibrium  electron  distribution 
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in  the  superconductor  is  presented.  This  model  is  an  exten- 
sion of  a recently  proposed  model  explaining  the  conduction 
scheme  in  superconductor-superconductor  junctions.  The  model 
proposes  that  a population  inversion  of  electrons  and  holes 
exists  about  the  edges  of  the  superconducting  gap  when  the 
laser  illuminates  the  junction.  The  response  of  the  junction, 
as  a function  of  bias,  changes  sign  at  V.  = A„, /e,  resembling 
the  rectification  response. 
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